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Foreword

NE of the simplest acts in modern life is switching on
O the electric current that gives light or power, or that

makes possible communication between distant points.
A child can perform that act as effectively as a man, so
thoroughly has electricity been broken to the harness of the
world’s work; but behind that simple act stand a hundred years
of struggle and achievement, and the untiring labors of thousands
of the century’s greatest scientists. To compact the results of
these labors into the compass of a practical reference work is
the achievement that has been attempted—and it is believed
accomplished —in this latest edition of the Cyclopedia of Applied

Electricity.

€ Books on electrical topics are almost as many as the subjects
of which they treat and many of them are worthy of a place
in the first rank. But many, also, worthy in themselves,
are too scientific in their treatment to be available for the mass
of electrical workers; and all of them, if gathered into a great
common library, would contain so many duplicate pages that
their use would entail an appalling waste of time upon the man
who is trying to keep up with electrical progress. To overcome
these difficulties the publishers of this Cyclopedia went direct
to the original sources, and secured as writers of the various
sections, men of wide practical experience and thorough tech-
nical training, each an acknowledged authority in his work; and
these contributions have been correlated by our Board of
Editors so as to make the work a unified whole, logical in
arrangement and at the same time devoid of duplication.




€. The Cyclopedia is, therefore, a complete and practical work-
ing treatise on the generation and application of electric power.
It covers the known principles and laws of Electricity, its
generation by dynamos operated by steam, gas, and water power;
its transmission and storage; and its commercial application for
purposes of power, light, transportation, and communication.
It includes the construction as well as the operation of all plants
and instruments involved in its use; and it is exhaustive in its
treatment of operating ‘‘troubles” and their remedies.

€ It accomplishes these things both by the simplicity of its text
and the graphicness of its supplementary diagrams and illus-
trations. The Cyclopedia is as thoroughly scientific as any
work could be; but its treatment is as free as possible from
abstruse mathematics and unnecessary technical phrasing,
while it gives particular attention to the careful explanation
of involved but necessary formulas. Diagrams, curves, and
practical examples are used without stint, where they can help
to explain the subject under discussion; and they are kept
simple, practical, and easy to understand.

€ The Cyclopedia is a compilation of many of the most valu-
able Instruction Books of the American School of Corre-
spondence, and the method adopted in its preparation is that
which this School has developed and employed so successfully
for many years. This method is not an experiment, but has
stood the severest of all tests —that of practical use—which has
demonstrated it to be the best devised for the education of the
busy, practical man.

€ In conclusion, grateful acknowledgment is due to the staff
of authors and collaborators, without whose hearty co-operation
this work would have been impossible.
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ALTERNATING-CURRENT
MACHINERY

PART 1

ALTERNATING ELECTROMOTIVE FORCES AND CURRENTS

Simple Alternator. The alternator is an arrangement by means
of which mechanieal energy is used to cause the magnetic flux from
a magnet to pass through the opening of a coil of wire first in one
and then in the opposite direction. This varying magnetic flux
induces in the coil, first in one direction and then in the other, what
is called an alternating. electromotive force, which in turn produces
an alternating current in the coil, and in the circuit which is con-
nected to the terminals of the coil.

In the common type of alternator, the above-mentioned magnet
and coil move relatively to each other. Fig. 1 shows the essential
features of such an alternator. The poles N, S, N, S, etc., of a
multipolar magnet called the field magnet, project radially inwards
toward the passing teeth « a a of a rotating mass .1 of laminated
iron; and upon these teeth are wound coils of wire ¢ ¢, in which
the alternating electromotive force is induced. The rotating mass
of iron with its windings of wire is called the armature. At one end
of the armature (not shown in the figure) are mounted two insulated
metal rings r r, called collecting rings. These metal rings are con-
nected to the ends of the armature winding, and metal brushes b b
rub on these rings, thus keeping the ends of the armature winding
in continuous contact with the terminals of the external circuit to
which the alternator supplies alternating current. No external
circuit is shown in the figure.

The electromotive forces induced in adiacent armature coils
are in opposite directions at each instant, and the coils are so con-
nected together that these electromotive forces do not oppose each

Copyright, 1911, by American School of Correspondence.
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2 ALTERNATING-CURRENT MACHINERY

other. This is done by reversing the connections of every alternate
coil, as indicated by the dotted lines connecting the coils in Fig. 1.
The electromagnetic action of this type of alternator depends only
upon the relative motion of field magnet and armature, and large
machines are usually built with stationary armature and revolving
field magnet. In the type of machine illustrated in Fig. 1, the arma-
ture revolves while the field magnet is stationary. This type, called
the revolving-armature type, is generally adopted in small alternators.

The field magnet of an alternator is usually an electromagnet
which is excited by a continuous electric current supplied by an
independent generator, generally by an auxiliary continuous-current
dynamo, called the exciter. The exciting current flows through coils

Fig. 1. Diagram of Armature and Field
of Rimple Alternator

of wire wound on the projecting poles N, S, N, S of the field maghet.
These coils are not shown in Fig. 1.

The type of armature core shown in Fig. 1 is called the foothed
armature core; and the armature winding is said to be concentrated,
that is, the armature conductors are grouped in a few heavy bunches.
Armature cores are also made with many small slots, in which the
armature conductors are grouped in small bunches. This type of
core is called a multi-toothed core, and the winding is said to be dis-
tributed.

In some of the earlier types of alternators the armature core
consisted of a smooth, cyvlindrical mass of laminated iron, upon

12




ALTERNATING-CURRENT MACHINERY 3

the face of which the conductors were arranged in bands side by
side, one layer or more in depth. This type of armature is called
the smooth-core armature; it has been superseded by the toothed
core type.

Variations of Electromotive Force. C(ycle. The electromotive
force of an alternator passes through a set of positive values while a
given coil of the armature is passing from a south to a north pole
of the field magnet, and through a similar set of negative values while
the coil is passing from a north to a south pole. The complete set
of values, including positive and negative is called a cycle.

Frequenéy. Frequency is equal to the number of cycles per
second; it is sometimes expressed by stating the number of alterna-
tions or reversals per minute. For example, an alternator having a
frequency of 133 cycles per second has 266 reversals or alternations
per second, or 15,960 alternations per minute. Frequencies are
sometimes specified in alternations per minute, but specification in
cycles per second is the more usual practice and is preferable.

alternations per min.
2 X 60

cycles per sec.=

Period. The fractional part of a second occupied by one cycle
is called the periodic time, or period, of the alternating electromotive
force or current.

Let f be the frequency in cycles per second, and T the period
expressed as a fraction of a second. Then

f= | M

Therefore, if an alternating current has a frequency of 60 cycles
per second, the period 7' of one cycle is one-sixtieth of a second.

Relations Between Speed and Frequency. Let p be the num-
ber of poles of the field magnet of an alternating-current machine;
let n ke the speed of its armature in revolutions per minute; and

let f be the frequency of its electromotive force in cycles per second.
Then

=P 9
I=5X% @
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4 ALTERNATING-CURRENT MACHINERY

Ezxamples. 1. A certain alternator has 10 poles, and runs at 1,500
revolutions per minute. What is its frequency?

SoLuTion. Substituting 10 for p, and 1,500 for =, in equation (2), we
have

f=

16 _ 1500 .
- =125 cycles per second

60
2. An alternator is to run at 600 revolutions per minute and is to give
a frequency of 60 eycles per second. What number of poles is required?
SoLuTion.  Solving equation (2) for p, we have
2X60X S
p="L"""
. (3
from which, substituting f =60, and n =600, we have
2X 60X 60
DS~

600 =12 poles

Advantages and Disadvantages of Alternating Currents. The
electric transmission of a given amount of power may be accom-
plished by a large current at low electromotive force, or by a small .
current at high electromotive force. In the first case very large
and expensive transmission wires must be used, or the loss of power
in the transmission line will be excessive. In the second case com-
paratively small and inexpensive transmission wires may be used.
Thus it is a practical necessity to employ high electromotive forces
in long-distance transmission of power.

Example. It is desired to transmit 1,000 kilowatts of power over a
distance of 10 miles, supposing that a loss in the line of 10 per cent of the
power delivered is considered permissible. This corresponds to a loss of 100
kilowatts.

SoruTioN.—Case I. Suppose that the electromotive force at the re-
ceiving end of the line is to be 100 volts. Then the current would be 1,000,000
watts divided by 100 volts, or 10,000 amperes. The resistance of the line
must be such that the watts lost in the line—namely 100,000 watts—would

w
be equal to IR, so that the resistance R of the line must be 75T 0.001 ohm.

This would require two transmission wires each 10 miles long and 33 inches
in diameter, or a total weight of 175,000 tons of copper, which would cost
about $52,500,000.

Case 2. Suppose that the electromotive force at the receiving end of
the line is to be 1,000 volts. Then the current would be 1,000,000 watts
divided by 1,000 volts, or 1,000 amperes. The resistance of the line must be
such that the watts lost in the line—namely, 100,000 watts—would be equal
to I*R, so that the resistance R of the line must be 0.1 ohm. This would
require two transmission wires, each 10 miles long and 3.3 inches in diameter,
or a total weight of 1,750 tons of copper, which would cost about $525,000.

14



ALTERNATING-CURRENT MACHINERY 5

TABLE 1
Size and Cost of Copper Wire—Two=Wire System

To transmit 1,000 kilowatts a distance of 10imiles (one way) with a line loss equal to 10
per cent of the power delivered, for_three different values of electromotive force

Volts at Amperes Ohms Diameter Weight Cost of

Receiving End in in of of Line Copper,
of Line Line Line Wire, . Wire, in

F I R in Inches in Tons Dollars
100 10,000 0.001 33 175,000 52,500,000
1,000 1,000 0.1 3.3 1,750 525,000
10,000 100 10.0 | 0.33 15.5 5,250

|

Case 3. Suppose that the electromotive force at the receiving end of
the line is to be 10,000 volts. Then the current would be 1,000,000 watts
divided by 10,000 volts, or 100 amperes. The resistance of the line must
be such that the watts lost in the line—namely 100,000 watts—would be
equal to I2R, so that the resistance R of the line must be 10 ohms. This
would require two transmission wires, each 10 miles long and 0.33 inch in
diameter, or a total weight of 17.5 tons of copper, which would cost about
$5,250. o

These results are summarized in Table T.

Transformation of High E. M. F.’s. IHigh electromotive forces
arc dangerous under the conditions that ordinarily obtain among
users of electric light and power; and many types of apparatus,
such as incandescent lamps, operate satisfactorily only with medium
or low electromotive forces. Therefore, means must be provided,
at a receiving station, for transforming the power delivered, from
high electromotive force and small current to low electromotive
force.and large current, if long-distance transmission is to be success-
ful. 'This is called step-down transformation. The advantage of
the alternating current over the direct current lies almost wholly in
the cheapness of construction and of operation, and in the high
efficiency of the alternating-current apparatus as compared with
the direct-current apparatus that is required for transformation.

In step-down transformation of direct current, a motor takes
a small current from the high-electromotive-force transmission
mains, and drives a dynamo which dclivers large current to service
mains at low electromotive force. This apparatus, or its equivalent,
the dynamotor, is expensive to construct; it requires attention in
operation; and its efficiency is never, perhaps, above 90 per cent.
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6 ALTERNATING-CURRENT MACHINERY

The step-down transformation of alternating currents is accom-
plished by means of the alternating-current transformer, which is
described later on. The alternating-current transformer is very
much cheaper than a dynamo and motor of the same output; it
requires no attention in operation; and its efficiency under full load
is usually greater than 97 per cent, especially in large sizes.

Simple Construction of A. C. Machines. The alternating cur-
rent has some_minor advantages over the direct current on account
of the fact that alternating-current machines are frequently simpler
in construction than direct-current machines. In particular, the
commutator is not an essential part of an alternating-current gen-
erator. Again, in the case of the inductor alternator and the induc-
tion motor, the rotating part may not have any sliding electrical
contacts whatever. .

Miscellaneous A. C. Machines. The simple single-phase alter-
nating current is not well adapted to general power service. The
single-phase alternating-current induction motor does mnot start
satisfactorily under load, in the case of large machines, although
self-starting single-phase motors up to perhaps 20 horse-power
are in commercial use, where neither direct-current nor polyphase
alternating-current machines are available.

The single-phase series commutator motor within a few years
has been developed especially for electric railway service both for
trolley cars and for electric locomotives. Its operating characteristics,
resembling closely those of the direct-current series motor, however,
are not suitable for general power requirements. This type of motor
is used on the electric locomotives of the New York, New Haven
and Hartford Railroad.

For uninterrupted service the synchronous motor is frequently
used, the starting being effected by an auxiliary engine or other
independent mover. The synchronous motor is not satisfactory
when frequent starting is necessary, for such service the induction
motor being used. The simple induction motor, to start satisfac-
torily, must be supplied with two or more distinct alternating
currents transmitted to the motor over separate lines. This is
called the polyphase system of transmission, and is reserved for full
treatment in later pages.

IFor some purposes, especially for the electrolytic processes
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ALTERNATING-CURRENT MACHINERY 7

used on a large scale in clectro-chemical works, only direct current
can be used. When power transmitted by alternating current is
to be delivered in the form of direct current, the conversion is effected
by means of the rotary converter, motor generator, or mercury rectifier.

Comparison of Direct= and Alternating=Current Problems.
Direct Current. In direct-current work the electrical engineer is
concerned with the relations between electromotive force, resistance,
current, and power. These relations are determined by the applica-
tions of the following laws:

Powgr Law for direct-current circuits

P=EI ®)

in which P is the total power in watts delivered to a circuit by a
generator of which the terminal electromotive force is E volts,
when it produces a current of I amperes.

Onam’s Law for direct-current circuits

E
I=— @)

R
in which I amperes is the steady current produced by E volts acting
on a circuit of R ohms resistance.

JorLE’s Law for direct-current circuits

P=IR )

in which P is the power in watts expended in heating a circuit of
It ohms resistance, when a current of I amperes is forced through
the circuit.

Kircriorr’s Laws for direct-current circuits.

1. When a circuit branches, the current in the main circuit
is equal to the sum of the currents in the separate branches.

2. (a) When two or more sources of electromotive force are
connected in series, the total electromotive force is the sum of the
individual electromotive forces. '

3. (b) When an electromotive force acts on a number of
elements or things in series, it is subdivided into parts, each of
which acts upon one of the elements, and the sum of these parts is
equal to the total electromotive force. For example, an arc-light

dynamo of which the terminal electromotive force is 3,000 volts,
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8 ALTERNATING-CURRENT MACHINERY

acts on 60 similar arc lamps connected in series. Neglecting the
resistance of the connecting wires, each lamp is acted upon by one-
sixtieth of the total electromotive force, or by 50 volts.

Alternating Current. In alternating-current work the electrical
engineer is likewise concerned with the relations between electro-
motive force, resistance, current, and power. These relations are
determined by the application of the same fundamental laws as in
the case of direct currents, but in more or less modified forms.*
A summary of the fundamental laws of alternating currents is here
given simply for purposes of comparison.

Power Law for alternating-current circuits

P=FEIcos 0 (6)

in which P is the power in watts delivered to a circuit by an alter-
nator of which the “‘effective”” terminal electromotive force is E
volts, when it produces an “effective’’ current of I amperes in a
circuit, and cos 0 is what is called the “power factor’” of the circuit.
Omv’s Law for alternating-current circuits
E
]/ 1{2 __}_‘ T2 )
in which I is the “effective” current in amperes produced by an
“effective’ electromotive force of £ volts acting on a circuit of
which the resistance is R ohms, and the “reactance” is X ohms.
The expression 1 B*X X* in equation (7)is called the impedance,
and it is expressed in ohms.
JOULE’s Law for alternating-current circuits

P=TR 6)

in which P is the power in watts expended in heating a circuit of R
ohms resistance when an “‘effective’ alternating current of [ amperes
is forced through the cireuit.

Kircuorr’s Laws for alternating-current circuits

1. When an alternating-current circuit branches, the “effective”’
current in the main circuit is the “geometric’’t (or “vector”) sum
of the “effective” currents in the separate branches.

I (7)

. *The student is not expected to understand fully the reasons for the statements here
given, until he has completed Parts I and I1.
TAlternating electromotive forces and alternating currents are added in the same
way that forces are added, that is, by means of the principle known as the ‘‘parallelogram
of forces.”
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ALTERNATING-CURRENT MACHINERY 9

Ezample. An alternator A, Fig. 2, supplies an effective current of 7
amperes in the main circuit, which divides into two branches. The effective
currents in the two branches are I, and I, amperes, respectively. The rela-
tion between I, I, and I, is shown in Fig. 3. The angles 0, and ¢, depend

/
A / />
Fig. 2. Diagramofa Branched Fig. 3. Vector Diagram of
Alternating Circuit Branched Circuit

upon the relative values of the resistance and reactance of the respective
branches, as is explained later. It is to be particularly noticed that the
arithmetical sum of I, and I, is in general greater than I.

2. (a) When two or more alternators (or transformer second-
aries) are connected in series, the total effective electromotive force
is the “geometric” (or “vector’’) sum of the effective electromotive
forces of the individual alternators.

PMTAINS
£
£
£2 A,
MAINS
Fig. 4. Two Alternators in Series Fig. 5. Vector Diagram of E. M. F.s

for Two Alternators in Series

Ezample. Two alternators A, and A, Fig. 4, of which the effective
electromotive forces are E, and E,, respectively, are connected in series to
supply mains. Then the effective electromotive force E, between mains, is
the geometric sum of £, and E,, as shown in Fig. 5. The angle 0 depends
upon the positions, relatively to the field magnets, of the armature coils on
the respective machines.
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10 ALTERNATING-CURRENT MACHINERY

(b) When an alternating electromotive force I acts upon a
number of elements or things in series, it is subdivided into parts,
reach of which acts upon one of the elements, and the “‘geometric”
(or “vector”) sum of these parts is equal to E.

Ezample. Two coils b and ¢, Fig. 6, are connected in series between
mains supplied from an alternator, of which the effective electromotive force
is E. Then the total effective electromotive force E is subdivided into two
parts Ey and E, which act upon the respective coils, as indicated in Fig. 6;
and the ‘“geometric,” or ‘“vector’”’ sum of E, and E, is equal to E, as shown
in Fig. 7. The angles 6; and 65 depend upon the relative resistance and re-
actance of the respective coils. It is to be particularly noticed that the arith-
metical sum of E: and Es is in general greater than .

Physical Basis for the Differences between D. C. and A. C.
Calculations. The above mentioned differences between direct-
current and alternating-current calculations are due to the fact

that an alternating current changes rapidly in value from instant to
instant, while a direct current is steady and does not change its

LTAIY
A £
MAN
Fig. 6. Alternating Current Through Fig. 7. Vector Diagram of E, M. F. for
Two Coils in Series . Conditions Shown in Fig. 6.

direction of flow. A clear idea of the efforts of the rapid changes of
an alternating current may be obtained as follows:

Fig. 8 represents an alternator producing alternating current
in a circuit of wire; and Fig. 9 represents a valveless pump, of which
the piston oscillates rapidly up and down, producing an alternating
current of water in a circuit of pipe. The electromotive force of
the alternator 4 not only has to overcome the resistance of the
wire in order to cause an alternating current to surge back and forth
through the circuit, but it also has to overcome the electrical inertia
of the circuit—first, in getting a pulse of current started; and second,
in stopping this pulse of current and starting another in the reverse
direction. The pressure developed by the pump P not only has to
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ALTERNATING-CURRENT MACHINERY 11

overcome the frictional resistance of the pipe in order to cause an
alternating current of water to surge back and forth through the
pipe, but it also has to overcome the inertia of the water in the pipe

FPIPE
WirE
} |
A ;
l PIRPE Y,
WiIrE J )

Fig. 8. Simple Alternating Circuit Fig: 9. W:;g{ngr&lroc,ci\i/tfor an Alter-
—first, in getting a pulse of water current started; and second, in
stopping this pulse of water current and starting another in the
reverse direction.

Fig. 10 represents an alternator producing alternating current
in a circuit of wire which contains a condenser (; and Fig. 11 rep-
resents a valveless pump producing an alternating current of water
in a circuit of pipe, which leads to a chamber H H, across which
is stretched an elastic diaphragm DD. In this case the pressure
developed by the pump has to overcome the frictional resistance
of the pipe, the inertia of the water, and the elastic reaction of the
diaphragm DD. Similarly the alternating electromotive force of

wiRE PIPE
H
-1 v 0
A G ___ P
H
FIPE
WiRE ) | —/
Fig. 10. Alternating Circuit Contsining Fig. 11. Water Analogy for Alternating
Condenser Circuit with Condenser

the alternator 4, Iig. 10, has to overcome the electrical resistance -
of the wire, the electrical inertia of the wire circuit, and the electro-
elastic reaction of the insulating material, or dielectric, between the
plates of the condenser.
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12 ALTERNATING-CURRENT MACHINERY

The electrical inertia of a circuit is called its inductance and
the electro-elasticity of a condenser is called its capacity, and it is to
inductance and capacity that the peculiar features of alternating-
current calculations are due.

The effect of capacity is strikingly shown by the fact that an
alternating current may be made to flow through a circuit which
for direct currents would be an open circuit like that shown in Fig.
10. Thus an alternator connected to long transmission lines, which
are disconnected at the distant end and perfectly insulated from the -
ground, will send a considerable alternating current into the lines,
which current can be measured by an alternating-current ammieter.
In such a case the current is called the charging current of the line;

s f,,a/b/,l }6/ /////R,E '//)/://O/BE
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'(__ - — — —_ ONE_CYCLE OR __ ——,.i
Two ALTERNATIONS

Fig, 12. Development of Three Field Magnet Poles and E. M. F. Curve for One Cycle

and it may amount to several amperes, according to the length of
the line, the distance apart and size of wires, and the electromotive
force of the alternator.

Graphical Representation of Alternating Electromotive Forces
and Currents. When an armature conductor of an alternator ap-
proaches a north pole of the field magnet, the electromotive force
of the machine rises in value as the conductor enters the strong
field under the pole; and the electromotive force falls in value as
the conductor passes from under the pole. As the conductor passes
the point midway between two adjacent poles, the electromotive
force of the machine falls to zero, since no lines of the force are cut

22



ALTERNATING-CURRENT MACHINERY 13

at this point. As the armature continues to revolve and the con-
ductor approaches the next (the south) pole of the field magnet,
the electromotive force of the machine again increases in value, but
in a direction opposite to that of the previous electromotive force;
and it falls again to zero as the conductor passes from under the
south pole and reaches the point midway between the next pair of
poles.

In Fig. 12 are represented the development of three successive
poles S, N, S of the field magnet of an alternator, from which the
lines of magnetic flux are emanating, and spreading out more or less
as they enter the armature core. The armature core, also a developed
view, is shown as having only one slot 4, which contains a number
of armature conductors. The ordinates of the curve E EE E E E
represent the successive instantaneous values of the electromotive
force induced in the armature conductors as the slot moves from
left to right.

The duration of one
cycle is indicated in the
figure, and this cycle repeats N
itself as the conductors pass J
by successive pairs, of field 7
poles. Thus, in a ten-pole
alternator, there would be
five complete cycles, or five
complete waves of the elec-
tromotive curve for each Fie13. TypiealB M.T. Curvefor Alternator—
revolution. When a wave
repeats itself after a definite time interval, it is called a pertodic wave.

The curve E E E E E E is called the electromotive curve or electro-
motive force wave of the alternator.

A curve of which the ordinates represent the successive instan-
tancous values of the alternating current and of which the abscissas
represent time, is called an alternating-current curve or alternating-

current wave.

Figs. 13, 14, and 15 show typical forms of electromotive force
curves given by commercial alternators. Fig. 13 shows what is
called a “peaked”” wave; Fig. 14 shows a “flat-topped” wave; and
Fig. 15 shows a “sine” or “sinusoidal” wave. All three waves are of
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14 ALTERNATING-CURRENT MACHINERY

course periodic. The exact shape of the electromotive force wave

given by an alternator depends upon the relations between pole

pitch (distance from center to center of adjacent poles), width, and

shape of pole faces, width

3 3 of armature coils, and dis-

ﬂ ﬂ tribution of coils on the ar-

Z T mature. Alternators which

v give electromotive force

waves approximating a sine

T Dl Popped Wang” Alternator— wave, are preferred for
power transmission.

Average and Effective Values of E. M. F. The average value
of an alternating electromotive force or current during a complete
cycle is zero, inasmuch as similar sets of positive and negative values
oceur. x .

The average value of an electromotive force or current during
the positive (or negative) part of a cycle is usually spoken of briefly as
the “average value” or “mean value,” and is not zero.

Consider now an alternating current, of which the instantaneous
value is 7. The rate at which heat is generated in a circuit through
which the current flows is ¢?R, where R is the resistance of the circuit;
and the average rate at which heat is generated in the circuit is R
multiplied by the average value of 2.

A continuous current which would produce the same heating
effect would be one of which the square is equal to the average value
of 2%, or of which the actual value is equal to 1 average 2. This
square root of the average square of an alternating current is called
the effective value of the alternating current. Similarly, the square

' root of the average square

V‘,j- of an alternating electro-

| motive force is called the

4 \/ effective value of the alter-

natingelectromotiveforce.

Fix. 15, Typical E M. F Curve for Alternator —  V'oltmeters and ammeters

used for measuring alter-

nating electromotive force or current always give effective values

irrespective of wave form; and in specifving an alternating clec-
tromotive force or current, its effective value is always used.,
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ALTERNATING-CURRENT MACHINERY 15

Ezxample. 'Ten successive instantancous values of an alternating elec-
tromective force during half a cycle are 0, 30, 60, 80, 90, 95, 90, 80, 60, and
30 volts. The sum of these values is 615 volts, which, divided by the num-
ber of values, namely ten, gives 61.5 volts, which is the average value of this
electromotive force during half a
cycle.

Squaring each of the above
values, adding the squares together, — — — 4 - L . _ {__ L ___
and dividing their sum by their
number, namely ten, gives the Fig 16, Rectangular Form of E. M. F. Curve
average value of the square of the
electromotive force, which is 4,702.5 volts®; and the square root of this aver-
age square is 68.57 volts, which is the effective value of the given electro-
motive force.

EMF [-ONE CYCLE -

Fcrm Factor. The ratio effective value + average value, depends
upon the shape of the electromotive force wave, and is called the
“form factor”” of the wave.

%, or 1.115. The
form factor of the electromotive force curve given in Fig. 15, which is a sine
wave, is 1.11.  The more peaked the wave the greater the value of its form
factor. The rectangular electromotive force shown in Fig. 16 has a form
factor equal to unity, which is the least possible value of the form factor.
This rectangular wave, however, is never realized in commercial alternators.

Ezample. The form factor in the above case is

Instantaneous and Average Power. Let ¢ be the value, at a given
instant, of the electromotive force of an alternator and let 7 be the
value of the current at the same instant. Then ez is the power in
watts which is delivered by the alternator at the given instant;
and the average value of e/ during a complete cycle is the average
power delivered by the alternator.

Fig. 17. E. M. F., Current, and Power Curves for an
Alternator in a Circuit Containing Inductance

In Fig. 17 the full-line curve represents the electromotive
force of an alternator and the heavy-dotted curve represents the
current delivered by the alternator to a receiving circuit having
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16 ALTERNATING-CURRENT MACHINERY

inductance, such as an induction motor, for instance. The ordinates
of the light-dotted curve represent the successive instantaneous
values of the power ¢i. As shown in the figure, the power has both

Fig. 18. E. M. F., Current, and Power Curves for Alternating Circuit with
Large Inductance

positive and negative values; the alternator does work on the cir-
cuit when ez is positive, or is above the horizontal axis of time; and
the circuit returns power to the alternator when ei is negative, or
is below the horizontal axis of time ; and this means of course, that
while e is negative, the dynamo is momentarily a motor and will
be for the moment returning power to the fly wheel of the driving
engine or turbine.

When the inductance of the receiving circuit is very large, the
electromotive force and current curves are related as shown in F ig.
18; the instantaneous power ei passes through approximately similar
sets of positive and negative values, as shown by the light-dotted

curve; and the average power is approx-

A Y imately zero. This case would be very

closely exemplified by an alternator con-

nected to a transformer whose secondary

was open-circuited, that is, supplying no
g current.

Harmonic Electromotive Forces and
Currents. A line OP, Tig. 19, revolves,
at a uniformrate, f revolutions per second
about a point 0, in the direction of the
arrow gh. Since the length of OP is fixed,
the path or locus of the point P will be a
B circle about O as a center. Consider the

Fig. 19, Diagram of Harmonic  projection Ob of this rotating line upon

the fixed line 4B, this projection being
considered positive when above O and negative when below 0.
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ALTERNATING-CURRENT MACHINERY 17

A harmonic electromotive force (or current) is an eleciromotive
force (cr current) which is at each instant proportional to the line Ob.

The iine Ob represents at each instant the actual value ¢ of the
harmonic electromotive force to a definite scale, and the length of
the line OP, which is the maximum length of Ob, represents the
maximum value E of the harmonic electromotive force to the same
scale. The line Ob passes through a complete cycle of values during
one revolution of OP, and so also does the harmonic electromotive
force e. Therefore, the revolutions per second f of the line OP is
the frequency of the harmonic electromotive force e. The rotating
lines £/ and I, Fig. 20, of which the projections on a fixed line (not
shown in the figure) represent the actual instantaneous values e
and ¢ of a harmonic electromotive force and a harmonic current,
are said to “represent” the harmonic electromotive force and cur-
rent, respectively. Of course, the rotation of the lines £ and I is
a thing merely to be imagined. The rotation is understood to be in
a counter-clockwise direction, as indicated in Fig. 19.

Clock Diagram Representation. A diagram
in which a number of electromotive forces or
currents, or both, are represented by lines im-
agined o be revolving, is called a clock diagram. &
Simple problems involving relations between a
number of harmonic electromotive forces and
currents of the same frequency, are most easily Y
treated by means of the clock diagram. The ??ig' o
proper representation of alternating electro-
motive forces and currents in a clock diagram, requires that

Clock Diagram

(a) The given electromotive forces and currents be harmonic, and be of
the same frequency.

(b) The lengths of the lines represent their maximum value to a suitable
scale although the seales chosen for volts and for amperes may be
different.

(c) The direction of the electromotive forces and currents be indicated by
arrow heads.

(d) The relative position or phase of the electromotive forces and currents
be constant and indicated by the angle between the various lines rep-
resenting the given quantities.

When an clectromotive force (or current) wave is not a sine
curve, the electromotive force (or current) is not harmonic, and can-
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18 ALTERNATING-CURRENT MACHINERY

not properly be represented by a line in a clock diagram, because
the projection of the rotating line is not at each instant proportional
‘to the electromotive force (or current). The approximate represen-

o

{ % & 9 80 270° /360

D.°. . Method of Plotting Sine . M. F. Curve
tation, by lines in a clock diagram, of non-harmonic electromotive
forces (or currents)—such, for example, as those represented by the
curves in Figs. 13, 14, and 16, depends upon the finding 'of harmonic
electromotive forces (or currents) which for the particular purpose
in view are approximately equivalent to the actual given electro-
motive forces (or currents).

Graphical Representation. A harmonic electromotive force or
current is represented by a sine wave as shown in Fig. 15. The rela-
tion between the rotating line OP in Fig. 19 and the sine-wave curve
of electromotive force is shown as follows:

Divide the circumference of the
circle in Fig. 21 into cqual parts,
and lay off a horizontal line divided
into thesame number of equal parts.

Draw horizontal dotted lines
through each division on the cir-
cumference of the circle, and vertical
dotted lines through the correspond-
ing divisions on the horizonta’ line,
The points of the intersection of
these pairs of dotted lines are points
on a curve whichis a curve of sines.

A flat loop of wire with its,ter-

Fig. 22. Simple Dynamo Diagram minals connected to two collect-

ing rings gives a harmonic elec-

tromotlve force when it is rotated at constant speed in a uniform
magnetic field. This arrangement is shown in Fig. 22.
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ALTERNATING-CURRENT MACHINERY 19

Algebraic Representation. The line OP, Fig. 19, revolves uni-
formly f revolutions per second and, therefore, it turns through 2=f
radians* per second, since there are 27 radians in a revolution; that is

w =2zf )]

in which v is the angular velocity of the line OP in radians per
second. Let time be reckoned from the instant that OP coincides
with Oa; then, after ¢ seconds, OP will have turned through the
angle 8 (=wt); and from Fig. 19 we have

0b = 0P sin 3= OP sin wt

since b is the projection of OP on the line AB. But Ob represents
the actual value ¢ of the harmonic electromotive force at the time
t, and OP represents its maximum value E; therefore

e=Esinwt * (9

is an algebraic expression for the actual value e of a harmonic electro-

. . o o [0}
motive force at time ¢, E being the maximum value of ¢, and—

q . . 2
being the frequency according to equation (8). i
Similarly i =T sin ot (10)
is an algebraic expression for the actual value 7 of a harmonic cur-
rent at time ¢, / being the maximum value of .

If time is reckoned from the instant that OP, Fig. 19, coincides
with the line 0b, then equations (9) and (10) become '

e =I cos wt
1=1 coswt

Synchronism. Two alternating electromotive forces or currents
are said to be in synchronism when they have the same frequency.
Two alternators are said 'to run in synchronism when their electro-
motive forces and frequencies are similar.

Phase Difference. Consider two harmonic electromotive forces
represented by the ordinates of the curves E, and E,, Fig. 23. The
electromotive force represented by the curve E, reaches its maximum-
value before the electromotive force represented by the curve E,.
The electromotive force E, is said to lead, or to be ahead of, the

*The unit of angle chiefly used in mechanies and in all theoretical yvork is the radian.
Tt i< the anele of which the arc is numerically equal to the radius (of a circle). There are,
therefore, 277 radians in one circumference.
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20 ALTERNATING-CURRENT MACHINERY

electromotive force E, in phase. Conversely, the electromotive force
E, is said to lag behind or to follow the electromotive force
E, in phase. The same two
electromotive forces E, and E,
are also represented by the
lines CE, and OFE, in the clock
diagram, Fig. 24. Here the
’ line OE, is behind OE , since
Fig. 23. Curves of Two Related E. M. F.s  the imagined rotation about

0 as a center 1s counter-clock-

wise. The phase differenceis the time interval 0in Fig. 23, or the angle
0 between O, and OF,in Fig. 24. If according to equation (9) the
actual value of the harmonic electromotive force E,is e;= E, sin «t,
then the actual value of the electromotive force E,, which lags 0 de-
grees behind E,, is e,= E, sin (vt —0). Similarly, if E, were taken
as the reference line in the diagram, its actual value would be e,
= E, sin of, and the value of E, would then be ¢, = E, sin (wt4-).
When the angle 0, Fig. 24, is zero, as shown in Fig. 25, the
electromotive forces E, and E, are said to be in phase. In this case
the electromotive forces increase together and decrease together;

2

& ' <~
y (R
Ee
o O
Fig. 24. Clock Diagram of Fig. 25. Clock Diagram for
E. M. F.s for Fig. 23} Curves in Fig. 23 with

E. M. F.s in Phase

thatis, when E iszero, E,is also zero; and when E_ is at its maximum
value, so also is E,, etc. Therefore, e, =E, sin wt and ¢,= E, sin wt.

When ¢ =90°, as shown in Fig. 26, the two electromotive forces
are said to be in quadrature. In this case one electromotive force is zero
when the other is a maximum, etc., or ¢, = E, sin wt and ¢,= E, sin

(ot =),
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ALTERNATING-CURRENT MACHINERY 21

When 0=180° as shown in Fig. 27, the two electromotive
forces are said to be in opposition. In this case they are at each
instant opposite in sign; and when one is at its positive maximum,
the other is at its negative maximum, etc. In
this case e; = E, sin ot and e;= E; sin (wt + 7).
It is to be particularly noted that the principle
of phase difference which has been illustrated
in Figs. 22-25 for the case of two harmonic
electromotive forces E; and Es, applies equally
to the case of_ two harmonic currents I, and
I, and to the case of an electromotive force
E, and a current I,. Thus if in the clock
diagram, Fig. 20, I represented a harmonic

. . . Tig. 26. Dii\gﬁam 9f
electromotive force having a maximum value E.M. F.s of Fig. 23

in Quadrature
of 1,000 volts, and I represented a harmonic

current having a maximum value of 10 amperes with a phase dif-
ference of #=230° between them, the instantaneous values of £ and
0 I would be
¢ =1000 sin wt

i= 10 sin (vt —-%)

©o Addition of Harmonic Electromotive

B 20 231)‘i‘§§éif?u°(f)§;~x}‘s{i£f of  Forces and Currents. Consider two har-

monic electromotive forces of which the
successive instantaneous values e, and e, are represented by the pro-
jections of the lines E, and E., Fig. 28, which are imagined to be
revolving about the point 0. These elec-

tromotive forces being of the same fre- ,,»”,Z{
quency, the lines E, and E, revolve at - / //'
the same speed, so that the angle between 4/

E, and E, remains unchanged in value. v //'/

The ordinary arithmetical sum of e; and o €2

¢,, namely e;+ e, is a harmonic electro- Fig. 28, Vector Disgram Show-
motive force of the same frequency ase;and ~ n& Two Harmonic E. M. s
e2; and this electromotive force (e:-+e¢2) is represented by the projection
of the line E, Fig. 28, which revolves at the same speed as £, and Fs.
Ths is evident when we consider that the projection, on any

line, of the diagonal of a parallelogram is equal to the sum of the
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projections of two adjacent sides of the parallelogram, as shown in

Fig. 29. The pro;ectlon of I is Oc, which represents e ; and the
projection of I, is equal to cd,
which represents e,. The projec-
tion of the diagonal Ob of the
parallelogram is Od, which is the
sum of Oc and ed. The two lines

- marked E, in Fig. 29 are equal and
parallel and have, therefore, the
same projected length on the ver-
tical line. '

' As a corollary to the above, it
lFig. 29. Diagram Showing Addition of may be stated that the ordinary
Harmonic E. M. F.s arithmetical sum (e, + ¢, + e, +
etc.) of the instantaneous values
of any number of harmonic electromotive forces (or currents) is
another harmonic electromotive force (or current) of the same fre-
quency; it is represented in magnitude and phase by a line that is
the geometric (or vector) sum of the lines representing the given
individual electromotive forces (or currents). This is evident when
we consider that e e, is a harmonic electromotive force (or current)
according to the above discussion; and this, added to ¢, gives an
electromotive force (or current) which is harmonic and of the same
frequency as e, e,, and e,.

The geometric, or vector sum of a num-
ber of lines is obtained as follows: Given
three lines O, OF,, and OF, Fig. 30.
Iind the diagonal OA of the parallelo-
gram constructed on OE‘1 and OL, as sides.
This gives the vector sum of OE, and OFE,.
Next construct a parallelogram on 01 and
0K, as sides; the diagonal OE of this par-

Fig. 3"[-)}, @3&‘{&'{01',‘0%&“1‘1- F.s alleiogram is the vector sum of the three
given lines. This line OF is the closing

side of the polygon formed by drawing O, then drawing OE, from the
extremity of OF (this giving the point 1), and then drawing OF,
from 4. This method is called addition by means of the vector polygon.
For example, two alternators 4 and B running in synchronism
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are connected in series between mains as shown in Fig. 31. If the
electrumotive forces of . and B are in phase, the electromotive
force between the mains will be simply the numerical sum of the
electromotive forces of A4 and B. If, on the other hand, the electro-
motive forces of 4 and B differ in phase, the state of affairs will be
as represented in Fig. 32, in which the lines 4 and B represent the

Fig. 31. Two Alterna- Fig. 32, Vector Diagram of Con-
tors Running in Syn- ditions in Fig. 31 if E. M. F.s
chronism Differ in Phase

electromotive forces of the alternators A and B, respectively, ¢ is
the phase difference of .1 and B, and the line I represents the electro-
motive force between the mains. The line F is the vector sum or
resultant of .1 and B, and as shown is the diagonal of a parallelo-
gram constructed on A and B as sides.

Again, alternators 4 and B running in synchronism are con-
nected n parallel between the mains as shown in Fig. 33. ‘Let the
lines A and B, Fig. 34, represent the currents given by the alter-
nators 4 and B, respectively, the phase difference between the cur-
rents being 0; then the current in the main line is represented by 1.

Consider the case of two circuits 4 and B, Fig. 35, connected n

mamn
A B
moaoin
Fig. 3. Two Alternators Running in Synchronism  Fig. 34. Vector Diagram of Currents
Connected in Parallel for the Condition of Fig. 33

series between the mains of an alternator. The line FE, Fig. 36,
represents the electromotive force between the mains; the line 4
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24 ALTERNATING-CURRENT MACHINERY

represents the electromotive force between the terminals of the
circuit 4; and the line B represents the electromotive force be-
tween the terminals of the circuit B. The circuits A4 and B are

Tig. 35. Diagram of Two Coils Fig. 36. Diagram of I M. F.s for
in Series with an Alternator Conditions Shown in Fig. 35

supposed to have inductance. If either of the circuits contains a
condenser, then the electromotive forces A and B, Fig. 36, may be
nearly opposite to each other in phase, and A and B may each be
indefinitely greater than the electromotive force £ between the
mains. '

Again, two circuits 1 and B, Fig. 37, are connected in parallel
across the terminals of.an alternator as shown. The current I from
the alternator is related to the currents 4 and B as shown in Fig. 38.
If either of the circuits 1 or B contains a condenser, then the cur-
rents 4 and B may be nearly opposite to each other in phase, and
the currents A4 and B may each be indefinitely greater than the

current I from the alternator.

Subtraction of Ilarmonic Electromotive
Forces and Currents. One harmonic elec-
tromotive force (or current) is subtracted
from another by reversing the direction of

B the line that represents it in the clock dia-
gram, and then adding the reversed line (or
vector) to the other. An example of the

subtraction of harmonic electromotive forces

e AT e lel Wit (i he given in connection with the discus-

sion of three-phase electromotive force.
Relation between Maximum and Effective Values. The effcctive
value E or I of a harmonic, electromotive force, or current—that is,
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one whose graph is a sine wave—is equal to the maximum value E
or I divided by the square root of 2. That is

E

E=—— 11
5 (11)
I
7 (12)

This may be shown as follows: Let ¢
(=E sin wt) be a harmonic electromotive
force. To find the average value of &2
(=E2sin? wf), it is necessary to find the aver-
age value of the square of the sine of the

uniformly variable angle wf. We have the Fie. 38. Current Diagram of
. the Conditions Shown

in Fig. 37

general. relation
(a) sin? wt -+ cos? wt =1
so that
(b) Av.sin?wt+ Av. cos?wt = 1

Now, during a cycle, the cosine of a uniformly variable angle passes
similarly through the same set of values as the sine; hence Av.
sin? wt and Av. cos® wt are equal, so that from equation (b) above, we
have

2 Av.sinzwt =1
or

Av.sin?wt =1
The average value of ¢? is
Av. e? =E2 Av. sin? wt

or

lv[ﬂl

Av. e?=

N

and

E

172

\) Av.e2 =

In Fig. 19 the length of the revolving line OP was understosd
to represent the maximum wvalue of the harmonic electromotive
force (or current). When, however, a number of harmonic electro-
motive forces (or currents) are represented to scale by lines in a
clock diagram, the lengths of the lines may be interpreted as giving
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not maximum but effective values, since there is a constant ratio
V' 2 between the effective and the maximum values of each of the
electromotive forces (or currents) represented in the diagram.

NotEe. It is desirable to interpret the lines in a clock diagram in terms
of effective values rather than maximum values, because effective values are
always given by measuring instruments and are nearly always used in nu-
merical calculation. Therefore, unless it is expressly stated to the contrary,
the lines in clock diagrams are always understood to represent effective values.

For example, a certain harmonic alternating current gives a
reading of 100 amperes on an alternating-current ammeter, and its
effective value is, therefore, 100 amperes. This harmonic current
actually pulsates between zero and a maximum value of +1" 2
X 100 amperes, or + 141.4 amperes.

Again, a certain harmonic alternating electromotive force gives a
reading of 1,000 volts on an alternating-current voltmeter, and its
effective. value is, therefore 1,000 volts. This electromotive force
actually varies between zero and a maximum value of &1/ 2 X
1,000 volts, or +1.414 volts. ' '

The above simple relation between maximum and effective
values is true only for harmonic (that is, sine-wave) electromotive -
forces and currents. In general, the maximum values of alternating
electromotive forces or currents cannot be inferred from effective
values as measured by voltmeters or ammeters. Thus, an alter-
nating electromotive force which is known to have a peaked-wave
form might have a maximum value very greatly in excess of 1/ 2
times its effective value.

Expression for Power. (a) When the current is in phase with
the electromotive force, that is, when the circuit is non-inductive,
then the power (average ei, see page 15) is '

P=EI (13)

in which P is the power in watts, I is the effective value of the
electromotive force in volts, and I is the effective value of the cur-
rent in amperes. Equation (13) is identical with the power equation
for direct-current circuits.

(b) If the phase difference between current and electromotive
force in a given circuit were 90 degrees, which ean never actually
occur, then the power (average value of et) would be equal to zero,
as explained on page 16.
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(¢) When the phase difference between current and electro-

motive force is 6°, as shown in Fig. 39, then

P=EI cos 0 (19
in which P is the power (average e?) in watts, E is the effective value
of the electromotive force in volts, and I is the effective value of
the current in amperes. ’

For example, the given current I shown in Fig. 39 may be
thought of as resolved into two components, as shown in Fig. 40.
One of these components I cos 0 is parallel to (that is, in phase with)
I; and the other I sin 0 is at right angles to E. The power corre-
sponding to the actual current I may be thought of as the sum of
the powers corresponding to its two components, respectively. But
the component [ sin 6 is at right angles to E, as in (b) above; hence
the power corresponding to it is zero. This component is, therefore,
frequently called the wattless component or better the reactive com-
ponent of the given current.

On the other hand, the com-
ponent I cos 7 is parallel to (that
is, in phase with) E, as in (a)
above; hence the power corre- =
sponding to this component is
equal to £ X I cos 0. 'The com- o
ponent I cos § of the given cur- 7
rent I is frequently called the Fix 30, Diszram Showing Phase Difference
power component of I; and the
factor cos 0 is called the power factor of the circuit.

Inductance. It has been pointed out, page 11, that an electric
circuit has a certain kind of inertia analogous to the inertia of water
in a eircuit of pipe, and it was there noted that this inertia of an
electric circuit is called inductance. If an electric current in a cir-
cuit 15 made to change in value, a portion of the electromotive force
acting upon the circuit must be used to cause the current to change.

In the same way a force over and above that required to over-
come frictional resistance must act upon a moving body to accelerate
it, that is, to make its speed increase. The inertia of a body is meas-
ured by the force required to accelerate it at the rate of unit change
in speed per second; and the inductance of a circuit is measured by
the electromotive force required to cause a current in the circuit
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28 ALTERNATING-CURRENT MACHINERY .

to change at the rate of one ampere per second. A circuit is said to
have an inductance of one henry* when one volt (over and above
the electromotive force required to overcome the electrical resist-
ance) will cause the current to change at the rate of one ampere per
second.

Let x be the rate in amperes per second at which the current
in a circuit is increasing in value. Then the electromotive force E
(over and above that required to overcome the resistance of the
circuit) required to cause the current to increase at this rate is

= Lx (15)

in which L is the inductance of the circuit in henrys, E being ex-

pressed in volts.

E Example. The coil of a certain
large electromagnet has 2.5 henrys of
inductance and 5 ohms of resistance.
At a given instaut this coil is connected
to-110-volt direct-current mains. At
the instant of connecting the coil, the
current is zero, and all of the 110 volts
is used to cause the current in the
coil to increase, so that, according to

A

[V)) pd 5 5 E
= - equation (15), =« is equal to —L,or
® // 110 volts+2.5 henrys, or 44 amperes
Fig. 40. Resolution of the I of Fig. 30 into per second. That is, the current in the
wo Components magnet coil beginstoincrease at therate
of 44 amperes per second. When the
current in the magnet coil has reached the value of 10 amperes, 50 volts (=5
ohms X 10 amperes) of the total 110 volts are used in overcoming the resist-
ance of the coil, so that 60 volts (=110 volts —50 volts) are used to make the
current increase. Therefore, as the current in the coil passes the value

of 10 amperes, it is increasing at the rate —Ef,or 60 volts <+ 2.5 henrys, or 24
amperes per second. b

The inductance of a coil wound on a given spool is proportional
to the square of the number of turns N of wire. For example, a
given spool wound with No. 16 wire has 500 turns and an induec-
tance of, say, 0.0025 henry; the same spool wound with No. 28
wire would have about eight times as many turns, and its induc-
tance would be about 64 times as great, or 0.16 henry.

. *The henry is a very large inductance, and the inductances usually met with in
practice are expressed in thousandths of a henry, that is, in milli-henrys.
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The inductance of a coil of given shape is proportional to’its
linear dimensions, the number of turns of wire being unchanged.
For example, a given coil has an inductance of 0.022 henry; and a
coil three times as large in length, diameter, etc., but having the same
number of turns of wire, has an inductance of 0.066 henry.

Formulas jor Inductance. 'The inductance in henrys of a coil
of wire wound in a thin layer on a long wooden cylinder of length

_ I centimeters and of radius r centimeters, is

4z2yr2 N2

1
X 10° (16)

in which N is the total number of turns of wire in the coil. This
equation is strictly true for very long coils wound in a thin layer;
but the equation is also very useful in calculating the approxi-
mate inductance of even short, thick coils. Thus, a coil 25 centi-
meters long and 2} centimeters mean radius, containing 150 turns
of wire, has an approximate inductance of

4 @5)2 X 1502

R = 0.00022 henry
5 :

If a coil of N turns of wire is wound on a long rod of iron, 1n-
stead of wood or other non-magnetic material, the inductance in
henrvs is given by the equation

4z N2 p
X100

in which L, », N, and [ are the same as in equation (16), and xis the
permeability of theiron core at the particular flux density produced
in the iron. This equation applies to any iron rod of length [ centi-
meters and radius 7 centimeters, wound with N turns of wire, whether
in the form of a long, straight rod or bent into a closed ring.

The permeability 2 of iron varies from 500 to 1,000 or more;
and, therefore, the effect* of placing an iron core in a coil is to in-
crease greatly the inductance of the coil.

The iron core of an inductance coil to be used with alternating
currents should be laminated to reduce eddy currents and the con-

(17)

*The permeability & of a given sample of iron is not constant, tut decreascs in
value as the magnetizing force increases. Therefore, tl_le inductance L of a qoil having an
iron core is not a definite constant quantity as is the inductance of a coil without an iron
core.
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sequent loss of energy, and to prevent excessive heating of the core.

For example, the inductance of the field coil of a certain shunt-
wound dynamo is 7.5 henrys. The inductance of a pair of No. 0,
B. & S. copper line wires carried at a distance of 18 inches apart
on a pole line is 0.0035 henry per mile. The inductance of the
secondary coil of a large induction coil (X-ray coil) having 200,000
turns of wire, 1s 2,000 henrys.

Series and Parallel. 'The inductance of two or more coils in
series is equal to the sum of the individual inductances.

The equivalent inductance of two or more similar coils in

- . . 1
parallel, such as the similar coils on an armature, is equal to—-
: n

of the inductance of one coil, # being the number of coils connected
in parallel. _

Capacity. It has been pointed out, page 11, that a charged
condenser has an elastic-like reaction analogous to the elastic reaction
of a distorted diaphragm. The elasticity of a diaphragm might
be measured by the pressure required to distort it to the extent of
producing one unit of increase of volume in the space on one side
of the diaphragm and one unit of decrease of volume in the space
on the other side of the diaphragm. Similarly, the capacity of a
condenser may be, and in fact is, measured by the electromotive
force required to force one unit of charge of electricity into one
plate of the condenser, and at the same time to withdraw one unit
of charge from the other plate. A condenser is said to have a capacity
of 1 farad* when one volt of electromotive force pushes one coulomb
of electric charge into the condenser.

The charge @ pushed into a condenser by a steady electro-
motive force I is

Q=CE (18)

in which (' is the capacity of the condenser in farads, @ is the charge
in coulombs, and E is the electromotive force in volts. The electro-
motive force required to hold a given charge @ in the condenser is

of course equal to —gr

Condensers, to have a large capacity (as much as a microfarad),
are usually made up of alternate sheets of tinfoil and waxed paper,

*The farad is an exceedingly ‘large capacity, and capacities encountered in practice
are usually expressed in millionths of a farad, that’is, in microfarads,
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TABLE 11

Inductivities of Dielectrics

Referred to Air as Unity

Glass | 3.00 to 10.00 Mica 4.00 to 8.00
Vulcanite 2.50 Shellac 2.93 to 3.3

Paraffin ‘ 1.68 to 2.30 Turpentine 2.15 to 2.43
Beeswax | 1.86 Petroleum 2.02 to 2,19
Gutta-percha | 3.3 to4.9 Rubber (pure India) 2.12 to 2.24

or migca, as indicated in Iig. 41.  Alternate metal sheets are connected
together giving two terminals as shown, thus practically forming
two metallic plates of large area. A condenser having a capacity
of 1 microfarad contains about 3,600 square inches of tinfoil.
Inductivity of Dielectric.  The
capacity of a condenser of given dimen- ————
sions depends upon the material used =
between the plates, called the dielectric. — ]
The quotient, capacity of a condenser  Fig. 41. Diagram of Condenser
with given dielectric + its capacity
with air as the dielectric, is called the inductivity or the specific induc-
tive capacity of the given dielectric. The values of the inductivity
for the most commonly used dielectrics are given in Table II.
Capacity of Condensers. The capacity of a condenser is given
by the equation

!

e 88514

19
10104 (19)

in which C is the capacity in microfarads, % is the inductivity of the
dielectric used, d is the distance in centimeters between plates, 1. e.,
the thickness of the dielectric, and A is the area in square centi-
meters of both sides of all the inner plates plus the area of the inner
surfaces of the two outside plates.

Nore. If the total number of plates=n, A will be the area-of both
sides of (n-1) plates; or, in other words, it is necessary to provide one more
plate than is necessary, using both sides, to equal an area of A square cen-
timeters.

Hrample. 1t is required to design a plate condenser to have a capacity
of 1.5 microfarads using a dielectric of oiled paper 0.0043 inch thick and tin-
foil 0.0007 inch thick.
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Assuming for the oiled paper aninductivity of 2.67, equation (19) gives
for the total active plate area
1.5X10" X 0.0043 X2.54 .
A= = 69400 square centimeters = 10759 square incl
885 %2.67 q 59 square inches
If 65 plates be used, the area of one side of each plate will be
10759
m = 84 square inches

so that the dimensions of one active plate may be 104" X8” and the area of
tinfoil needed will be 84 X 65=5460 square inches.

The capacity of an ordinary 2-quart Leyden jar is about 0.005
microfarad.  The capacity of an average submarine telegraph cable
is about 0.4 microfarad per nautical mile. The capacity of a pair of
transmission lines of Nb. 0, B. & S. wires placed 18 inches apart be-
tween centers on poles, is 0.036 microfarad per mile.

Series and Parallel. The capacity of a number of condensers
wn parallel is equal to the sum of the individual capacities.

The capacity of a number of condensers in series is

C= 1 T (20

1 1 1
(—'1"‘(—,2"‘(—,1"‘ ete.

in which €, C,, C,, etc., are the individual capacities, and C is the
joint capacity.

Fundamental Equations of the A. C. Circuit. An alternator A,

Fig. 42, delivers an alternating current of I amperes, effective, to

a circuit consisting of a resistance of R

ohms, an inductance of L henrys, and a

R condenser of which the capacity is (' farads,

all connected in series. It is to be remem-

bered that any coil having inductance has

5 resistance also; that is, inductance and resist-

ance are practically inseparable.  Neverthe-

Fig, 42, Micrnating Circuit le'ss induc'tance and resis"cance are essentially

duetance, and Capacity different in nature and in their effects, and:

they are always considered separately, so

that it is helpful to think of them as actually separated in a circuit,

as indicated in Fig. 42. A resistance is conventionally represented

thus, "N\~ ; an inductance thus, —0oo0000— ; and a conden-
ser thus, H=—.

Al L
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The curtent in the circuit, Fig. 42, is assumed to be harmonic,
that is, to be a sine-wave current, and this current is represented by
the line O in Fig. 43.

A portion of the electromotive foree
of the alternator is used to overcome the
resistance of the circuit.  The portion of
the electromotive force so used is an alter-
nating electromotive force of which the
effective value is R]; it is in phase with RI I

g . (o] >— >
the current, and is represented by the line
RI i Fig. 43.

A portion of the electromotive force of
the alternator is used to overcome the in- Frig. 43. vector Diagram of Con-
ertia cr inductance of the circuit in causing ditions in Tig. 42
the current to increase and decrease. The portion of the electromotive
force so used is an alternating electromotive force of which the
effective value is wLl; it is 90 degrees ahead of I in phase, and is
represented by the line wLI in Fig. 43. The quantity w is equal
to 27 times the frequency of the current I.

A portion of the electromotive force of the alternator is used
to overcome what we have previously called the electro-eiasticity of
the condenser, or, in other words, to hold electric charge on the
condenser plates at each instant. The portion of the electromotive
force so used is an alternating electromotive force of which the

.
wC

effective value is ol it is 90 degrees behind I in phase, and is rep-
w(! )

N .
resented by the line — in Fig. 43.
w(C
The total electromotive force E of the alternator is equal to

o9 1 )
the geometric (or vector) sum of the parts RI, LI, and — . This
W

1 e
- from wLI, since it is opposite

vector sumis formed by subtracting ‘
w(,

Coe . I .
to wLl in direction, and then adding RI and (wLI — —0) geometric-
w -

- . . . I
ally, as shown in Iig. 44, in which the line Oa represents (wLI— o0
: w
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and the line E represents the geometric sum of Oa and RI.
From Fig. 44 we have, by geometry:

I .2
Er= BRI+ (oLl -—)
or
S 1 \2
pr= | Rt (oL- =) ]
or
I= E (21)
1
\/ R+ (ol- —
1
.The quantity wL — ol is called the reactance of the circuit. The

. . 1.
term oL is often called inductance reactance; and the term o 1s
w

often called capacity reactance. Inductance reactance is always
positive, and capacity reactance is always negative. It is convenient
. 1 . .
to represent the reactance wlL — i of a circuit by the single letter
. w
X; that is
1

T = - 22
XY=w il (22)

T 1. .
Therefore, writing X for wL — — in equation 21, we have

w(
E
I= —— (23)
1R+ X
Furthermore, from the right triangle in Fig. 44 we have
1
tanf/ = —R_
or )
X
tan 0 =% (24)

in which ¢ is the angle of phase lag of the current I behind the
electromotive force E; X is the reactance of the circuit; and R is
the resistance of the circuit.
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Resistance, Reactance, and Impedance.  Consider a harmonic
alternating electromotive foree I which produces a harmonic alter-
nating current / in a circuit.

"T'his electromotive force may €L
wC wll

be resolved into two compo-
nents, one parallel and the

i
other perpendicular to I, as (le- 1) £ ;
shown, for example, in TFig. 4 ;
43. The component of F e ,
parallel to I is equal to RI. o) ) T
The resistance of an al- 1
ternating-current circuit is S

Fig. 44, Complege Diagram of Conditions
. 'y 2
sometimes defined as that in Fig. 42

factor which, multiplied by the current, gives the component (of the elec-
tromotive force) which 1is parallel to 1.

I
The component of £ perpendicular to I is equal to wlLI— "es
oris equal to X/,

The reactance of an alternating-current circuit may be defined
as that factor which, multiplied by the current, gives the component
(of the electromotive force) which is perpendicular to 1.

The factor 1/ I*+ X2, which, when multiplied by the current I,
gives the total value of the electromotive force E, is called the .
impedance (denoted by Z) of the alternating-current circuit. Of
course, £ divided by Z gives the value of the current I.

NoTe. Resistance, reactance, and impedance are all expressed in ohms;
we may, for example, speak of 10 ohms of resistance, 10 ohms of reactance,
or 10 ohms of impedance. Thus, ohms are used in alternating-current work
to express the three essentially different things—resistance, reactance, and
impedance; and a specification of a certain number of ohms is not intelligible
unless it is stated whether it is ohms of resistance, ohms of reactance, or ohms
of impedance.

The reactance and the impedance of a circuit depend upon the
frequency of the alternating current, as well as upon the physical
constants L and € of the circuit, since the factor w is equal to 2z
times the frequency.

The reactance of a circuit may be positive or negative, accord-

. . 1 . . .
ing as wl is larger than or less than el When reactance is posi-
w
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tive, the inductance reactance wl. exceeds the capacity reactance
1 . " . ]

—, and the current is behind the electromotive force in phase, as

w(”
shown in Fig. 44. When the total reactance is negative, however,

“the capacity reactance exceeds the inductance reactance, and the

current is ahead of the electromotive force in phase, as shown in
Fig. 45. The same results may be obtained from equation (24). If
the total reactance X is negative, then tan 0 is negative, which
means that 0 is a negative angle, or that the electromotive force is
behind the current in phase, or that the current is ahead of the elec-
tromotive force. .

Special. Cases of Electromotive Force and Current Relations. A
clear understanding of the following examples as special cases of
the general relations of electromotive force and current as discussed
on pages 34 and 33, depends upon the following facts:

{a) That the effect of inductance in an alternating-current circuit be-
comes negligible when the inductance is very small, for then the reactance

wL due to the inductance is small, and the portion of the eleectromotive force
required to overcome the inductance, namely, oL, Fig. 43, is also small.

1 JjwLl
wC
RI 1
: .
1 |
(wli- o) E_ .
1
wC
y

Fig. 45. Conditione of Fig. 42 When Total
Reactance is Negative

(b) That the effect of a condenser in an alternating-current circuit
becomes negligible only when the capacity of the condenser is very large, for

1 . .
- due to the condenser is small, and the portion of
wbl

the electromotive foree required to overcome the electro-elasticity of the con-

then the reactance —

1
denser, namely, - Fig 43, is also small.
L7

The effect of an inductance may be rendered negligible by
short-circuiting it with a low-resistance wire; and the effect of a

.
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condenser also may be rendered negligible by short-circuiting it
with a low-resistance wire. _
Case A, Non-inductive or non-reac- —w
tive cireutts. A circuit which does not
contain a condenser and does not have
any perceptible inductance is called a
non-reactive circuit.  The term non-
inductive is frequently used in the sense
in which non-reactive is here defined.
A non-reactive circuit contains only
resistance; and the total clectromotive
force required to produce a given alter-
nating current I in a non-reactive circuit of which the resistance
is R ohms, is RI volts,* and the electromotive force and current
are in phase with each other. Therefore, the relation hetween alter-
nating electromotive force and current in a non-reactive circuit is
precisely thesame as in the case of direct currents. That is '

I

>
<T—————h— ~ ==
T

Fig. 46. Diagram of a Non-React-
ive Alternating Circuit

E=R]
or
E
I=
7 (25)

Fig. 46 represents a non-reactive circuit connected to an alter-
nator A; and Fig. 47 shows the relation between the electromotive
force and current.

Any circuit in which the outgoing and returning wires are
very near together, has very small inductance. An ordinary incan-
descent lamp, for example, has a negligible inductance. An incan-
descent lamp the resistance of o -
which when hot is 220 ohms, I EERI)
takes half an ampere, effective, Fig 47, . M. T, and Current Relations for
when connected to alternating- # Non-fteuctive Alternating Circuic
current supply mains between which the effective electromotive
force, is 110 volts; the current is in phase with the electromotive
force and the power in watts is equal to the product of effective volts
times effective amperes, or 55 watts. Alternating-current voltmeters
are always made as nearly as possible non-inductive.

r

*Effective values are always understood except where it is distinctly stated to the
contrary.
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38 ALTERNATING-CURRENT MACHINERY

Case B, Circuits containing resistance and inductance. In this
case the reactance .\ (=wl) is positive, and the current lags behind
the electromotive force in phase, as before
pointed out. The tangent of the angle

of lag is equal toL{, according to equa-
" tion (24); therefore, the angle of lag of
the current is small when X is small
compared with R, and the angle of lag
approaches 90° when X is very large
compared with I.
o Ulpess olimein (Ghoul G Fig. 48 represents a circuit containing
resistance and inductance, connected to
an alternator .1; and Fig. 49 shows the relation between the electro-
motive force and current.

Ezamples. 1. A non-inductive resistance takes 10 amperes from 220
volt, 60-cycle mains. What current will it take: (a) from 220-volt, 25-cycle
mains; (b) from 110-volt, 60-cycle mains?

Since - the resistance is non-inductive, the impedance is equal to the

. E . . 220
resistance, and I = = Solving for R we obtain R= 0 =22 ohms,

220
(a) The current will beI = oo =10 amperes.

(b) Since there is no inductance or capacity in the circuit, the im-
) 110
pedance is independent of the frequency. Therefore, I = 5 =5 amperes.

2. An impedance coil of negligible resistance takes 3 amperes from
220-volt, 60-cycle mains. What current will it take (a) from 220-volt, 25-
cycle mains? (b) from 110-volt, 60-cycle mains?

In this case the resistance R is zero, so that the impedance is equal to

A 220
)Iz . Solving for X we obtain X = 5 = 73.3 ohms

the reactance, and I =

when the frequency is 60 cycles.
{a) When the frequency is reduced from 60 to 25 cyeles, the reactance
X is reduced in the same ratio since X =2zfL. Therefore, the reactance at

. 25 . 220X 60
25 cycles is 73.3 X 50 ohms. The current is I = mﬁ = 7.2 amperes.
110
(b) Since frequency is again 60 cycles, X=73.3, and I =—— = 1.5
amperes. O

A coil of wire usually has a very considerable inductance, es-
pecially if it is wound on a laminated iron core. In fact, a coil
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wound on a laminated iron core usually has so large a reactance
& (=wl), that the angle 0, Fig. 49, is very nearly 90°.

Example. A certain coil has a resistance of 2 ohms and an inductance
of 0.3 henry when provided with a laminated-iron core. This coil is connected
to an alternator giving 1,000 volts effective clectromotive force at afrequency
of 133 cycles per second, so that the factor w is equal to 27 X 133, or 835.7
radians per second; the reactance of the coil is 835.7 X 0.3, or 250.7 ohms; the

-2—’%, or 3.689 am-
peres; the current lags about 893° behind the electromotive force; and the
power delivered to the coil is 1,000 volts X 3.989 amperes X cos 893° (0.008),
which is equal to 31.9 watts (=I?R). The product EI, sometimes called ap-
parent walls, isequal to 3,989 volt amperes.

__ . 1,00
impedance is V274 250.7% or 250.7 ohms; the current is

This example illustrates one remarkable feature of alternating
currents—namely, the very small amount of actual power that is
delivered to a circuit of large reactance even though the electro-
motive force is large and the current considerable. In the case of
a direct current, 3.989 amperes taken from 1,000-volt mains would
mean an actual delivery of

3,989 watts of power, while (T T T T
in the above case the actual
power delivered is only 31.9 o e

watts. The ratio frue watts +
apparent watts is called the
power factor of a circuit; and
in case of the coil here under

discussion, this ratio is equal A il el Wk 1 ;5 and Current
to about 0.008 (=cos 0). '

One never encounters in practice a circuit in which the reactance
is so large compared to the resistance as in the above example; that
is, one never encounters one in which the power factor is so small
as 0.008. Cases are often met with, however, where the reactance
is from two to ten times as large as the resistance. Thus, one of the
primary windings of a certain 110-volt induction motor has a resist-
ance of 0.7 ohm and a reactance of 4.2 ohms. With zero load this

110 110

cirguit, cquati.on (23), takes ]/m = 7953’ °T 25.83 amperes;

\
6
L]

the angle of phase lag of the current, according to equation (24), is
about 801°; and the power factor of the circuit is 0.164.
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A circuit which contains a coil wound on an iron core takes
more power than is expended in the mere heating of the wire, namely,
2R, for some power is con-

I . .
X 3\ sumed in the iron core on
0 account of magnetic hyster-
: R esis and eddy currents. In
Lo the above examples this con-
)
|E
: .
U C
]
;
1
V

sumption of power in an
iron core is neglected for
the sake of simplicity.
The term equivalent restst-
ance is used to designate a
fictitious resistance which
when multiplied by I? gives the actual power consumed by such a
circuit, including both the power consumed in heating the wire, and
that consumed by coreloss. The equivalent resistance of such circuits
has a value larger than the mere resistance of the copper winding.
Case C. Circuils containing resistance and a condenser. In

Fig. 50. Circuit Containing Resistance and Capacity

. 1., .
this case the reactance X (= — ——C) 1s negative, and the current
w

leads the electromotive force in phase, as before pointed out. The

»

tangent of the angle of lead is equal to }—), according to equation (24).
v

Therefore, the angle of lead of the current is small when X is small
compared with R, that is,

o e ! when wC is large; while the
i [ E angle of lead of the current
e i approaches 90° when .Y is
*C € large compared with R, that

is, when (' is small.
Fig. 50 represents a circuit
Fig. 51, Diagram of E. M. F. and Current containing resistance and a
Relations for Conditions of Fig. 50
condenser connected to an
alternator .1; and Fig. 51 shows the relation between the electromo-
tive force and current. :

Ezample. A condenser with a capacity of 2 microfarads (which is
large, as condensers go) is connected to alternating-current mains through a
resistance coil of 200 ohms. The effective electromotive force between the
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mains is 1,000 volts, and the frequency is 133 cycles per second, so that the

factor w is equal to 27 X 133 or 835.7 radians per second; the reactance of the
6

condenser is X1—= 598.3 ohms (negative); the impedance of the circuit is
V2003 +m‘=630.85 ohms; the current, according to equation (23), is
1.585 amperes; the current, according to equation (24), is 71° 31’ ahead of the
electromotive force in phase; and the power delivered to the cireuit is 1,000
volts X 1.585 amperes X cos 71° 31’, which is equal to 502.5 watts (=I2R).

If the above condenser is connected to the 1,000-volt, 133-cycle mains
1,000 volts
598.3 ohms
or 1.671 amperes; the current will be very nearly 90° ahead of the electromo- .
tive force in phase; the power factor cos 8, will be nearly zero; and of course
the power delivered to the condenser will be nearly zero.

through a wire of negligible resistance, then the current will be

A circuit containing a condenser takes a little more power
than is expended in the mere heating of the wire, namely, IR, for
some power is consumed in the insulating material between the
condenser plates. This power consumed in the dielectric is said to
be due to dielectric hysteresis. 1In the above examples, this consump-
tion of power in the insulating material of a condenser is neglected
for the sake of simplicity.

Case D.  Curcuit in which the inductance reactance wL is balanced
by the capacity reactance &C In this case equation (21) reduces to I=

—, that is, the electromotive force acting upon the circuit has to

k .

overcome Tesistance only, as in the case of the non-reactive circuit.

This case in which wL — o0 equal to zero is considered again in
w

the following article on resonance.

Electrical Resonance. Consider a circuit, like the one shown
in Fig. 42, containing a given resistance R, a given induction L,
and a given capacity C. Suppose that the alternator A is at first
run at very slow speed so as to give very low frequency, and is then
gradually increased in speed so as to cause the frequency to increase.
This gradual increase of frequency will cause a gradual increase in
the value of the factor w (equal to 2z times the frequency); and as
w increases, the following relations between inductance reactance

. | S .
wL and capacity reactance ol will obtain:
w
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(a) At first, when the frequency is very low (few cvcles per -
second), the value of w is small. Therefore, the inductance reactance

. . 1 .
wl is small; the capacity reactance — is large; and the total net
5 (O]

1 . . .
reactance wL — — 15 negative, and very nearly the same as —
w( wC
alone. e

(b) As the frequency increases, the value of w increases. There-
fore, the inductance reactance wL increases; the capacity reactance
1
wC

value on account of the increase of wL, and also on account of the

| .
decreases; and the total net reactance wlL — = increases 1In
w

1 . ong
decrease of e For a certain critical value of the frequency, wl.
[O)

. 1 .
becomes equal to —;, so that the total net reactance is then zero.
That is @

1
L—— =0
YT
or
1
or
. 1
YT Lo
or
1
w = =
1 LC
or, since  equals 2zf’, we have
S — (26)
27 I/LC'

in which f” is the critical value of the frequency for which inductance
reactance is balariced by capacity in the given circuit, L being the
inductance of the circuit and C the capacity of the condenser. See
Fig. 42.
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(¢) As the frequency increases beyond the critical value f’, the
inductance reactance L continues to increase; the capacity reactance
continues to decrease; and the net reactance wl, — iy, now positive
in value, continues to increase in value. _ 0

Now, imagine the electromotive force of the alternator to be
constant in value, although increasing in frequency as the alter-
nator is speeded up.* The current in the circuit will at first increase
with increasing frequency until

the critical frequency f’, equa- "0
tion (26), is reached, and then N
the current will decrease in §; ‘
value as the frequency in- §
creases, a maximum value of ‘23 / \
current being produced at the 0 VN
10 20 30 40 50 60 70 80 90 1100 10O

critical frequency f’. This Fregquency

I)I‘()(llICtiOD of a maximum cur- Fie. 52. Graphical Relation of Current and Fre-
L quency; E. M. F. Constant

rent at the critical frequency

f"is called electrical resonance. At critical frequency the reactance wl—

il is zero; and the general equation (21) reduces to [ = =,
wC R
as explained in Case D, page 11. Thatls, the value of the current at
the critical frequency is determined solely by the resistance of the circust
and for a given resistance has its maximum value.

The variation of current in a circuit like that shown in Fig. 42,
with increasing frequency, electromotive force being kept constant
in value, is shown graphically in Fig. 52, which is calculated from
the following data: E=200 volts (effective); R=2 ohms; L=0.352
henry; and C=20 microfarads.

The critical frequency corresponding to these values of L and
C is 60 cycles per second, according to equation (26). The maxi-
mum point of the curve is not a cusp, as would appear from the
figure; but the curve is rounded at the top, the figure being drawn
on too small a scale to show it.

It should be remarked that the conditions for complet reeson-
ance can be obtained only when ' and I, are constant and con-

*In practice this condition could be realized by adjusting the field rheostat of the
alternator, or of the exciter. so as to reduce the exciting current as the speed of the altere
pator is increased,
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centrated (not distributed), and when the electromotive force is
harmonic. If the electromotive force is non-harmonic, it means
that it is composed of a number of sine waves having different fre-
quencies. It is evident, therefore, that wL can never be made

exactly equal to the fraction % unless there is but one fundamental
frequency equal to f=£.
27

Multiplication of E. M. F. by Resonance. When resonance

exists in a circuit containing an inductance and a condenser in series,

the alternating electromotive force wLl between the terminals of

the inductance, and the alternating electromotive force wi() between

the terminals of the condenser, may each be much greater than the

alternating electromotive force RI which acts upon the circuit.  This

fact is easily understood by means of the

mechanical analogue. If even a very

cHil weak periodic force act upon a weight

which is suspended from a spiral spring,

the weight will be set into violent vibra-

- ’ . .
oL tion, provided the frequency of the force
is the same as the proper frequency of
=2 oscillation of the.body. The forces acting

on the spring may reach enormously
greater values than the periodic force
Fig. 53. 01?%'_4'1\*‘1’_“P@_‘_;“E';ngegggﬁg'ei- which maintains the motion of the sys-

tem. Moreover, the forces which act up-
on the weight to produce its up-and-down acceleration may reachvalues
very much larger than the periodic force which maintains the motion.

Ezample. A coil having an inductance of 0.352 henry and a resistance
of 2 ohms, and a condenser of 20 microfarads capacity, are connected in series
between alternating-current mains. The critical frequency of this circuit is
60 cycles per second, according to equation (26). The electromotive force
between the mains is 200 volts, and its frequency is 60 cycles per second.

200 volts

The current in the circuit is 2 obms or 100 amperes, according to equation
ohms

(21); the cffective electromotive force between the condenser terminals is’
- . 1 . .
13,270 volts effective (=—C); and the electromotive force between the termi-
W

nals of the inductance is also 13,270 volts effective (=wLI).
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The multiplication of electromotive force by resonance may be
clearly understood with the help of the clock diagram, Fig. 53.

Fig. 54, An Alternator Delivering Current to a Long Transmission Line

‘The electromotive force wLI required to overcome inductance

. . . 1
reactance 1s equal and opposite to the electromotive force ol e
w

quired to overcome capacity reactance, as shown in Fig. 53, so
. 1 .
that the geometric sum of wLlI, Wik and RI is, simply, RI. A
' w

transmission line has both inductance and capacity and, there-
fore, electrical resonance may occur on a transmission line. The
phenomena of a transmission line, however, are very greatly com-
plicated by the fact that the capacity is distributed; and a simple
explanation of line reasonance can be given only by approxi-
mation,

' For example, an alternator A, Fig. 54, delivers current to a
long transmission line. The resonance effects are nearly independent

A Ty P
c

Fig. 55. Diagram of Conditions Shown in Fig. 54 with Transmission
Lines Ingulated from Each Other

of whether the receiving apparatus at the end of the line, viz, at
B, is connected into the circuit or not. We shall, therefore, consider
that the receiving apparatus is disconnected and, furthermore,
that the ends of the two transmission lines are insulated from
each other.
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A first approximation to the behavior of the line may be ob-
tained by looking upon the distant end of the line bbb as a con-
denser purely and simply, while the near end of the line aaa is
looked upon simply as an inductance.
The transmission line shown in Fig. 54
is then equivalent to the combination
shown in Fig. 55, which is identical with
the combination shown in Fig. 42. The
value of L may be taken as the induc-
tance of, say, half the length of the
Fig. 56. Circuit Showing Conden- line; and the capacity C' may be taken

as the capacity of the distant half of
the transmission line. Then, if the alternator A gives a frequency
equal to the critical value of these values of L and (', as per equa-
tion (26), we shall have resonance, and the electromotive force be-
tween the lines at the distant end (between the terminals of C,
Fig. 55) may be greatly in excess of the electromotive force of the
alternator 1. This condition actually occurs in the practical opera-
tion of long transmission lines; and it is not an uncommon thing
to have as much as 11,000 volts at the receiving end of a long
transmission line when the electromotive force of the generator
1s but 10,000 volts.

Multiplication of Current by Resonance. An alternator A, Fig. 56,
delivers current to a circuit which divides at the points a and b into

) two branches, one branch containing an

\ inductance L and the other branch con-
! taining a capacity C, as shown. The
two branches constitute a closed circuit

\ = in and of themselves; and if the fre-
f quency of the alternator is equal to the
critical frequency of the circuit constitu-

; ted by the two branches, that is, if the
) frequency of the alternator is equal to

Fig. 57. Vector Diagram for Multipli- 1 g
cation of Current by ResunanceI ———=—, as per equation (26), then the

2=V LC
small current 7 from the alternator will divide into two currents
I, and I, in the respective branches, and the currents I, and I,
may each be very much larger in value than the undivided cur-
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rent I. The fact is that, because of resonance, a very large current
is made to surge back and forth around the closed circuit formed
by the two branches.

The multiplication of cur- 7 A A
‘Tent by resonance may be clearly !
underst'ood w1th'the help of ?he '353500";’:;; B8 D
clock diagram, Fig. 57. The line | per second L c
OF represents the electromotive '
force between the branch points \;' main

and a b, Fig. 56; the line I, rep-  Fig. 58, Diagram of Circuit Showing Multi-
. . plication of Current by Resonance

resents the lagging current which
the electromotive force E produces in the branch containing the
inductance; the line I, represents the leading current which the
electromotive force E produces in the branch containing the con-
denser; and the line I, which is the geometric sum of I, and I,
represents the total current in the undivided part of the circuit in
Fig. 56.

For example, three similar 32-candle-power incandescent lamps
A4, B, and D, Fig. 58, each having 100 ohms resistance, are con-’
nected as shown, to 550-volt mains; L is an inductance of 0.597
henry; and C, a capacity of 2.49 microfarads. Then the current
flowing through the lamp A is not quite 0.4 ampere, while one
ampere of current flows through each of the lamps B and D.

Miscellaneous Considerations. Condenser as Compensator for
Lagging Current.  An alternator may be designed to develop a cer-
tain effective electromotive force I, and to deliver a certain effective
current I, at full load. The
permissible power output of
such an alternator would be ke

I

L
EI watts to a non-reactive A c
circuit having unity power a

factor (cos 0= 1); but if the
receiving circuit is reactive, the
permissible power output Of the Fig. 59. Diagram of Condenser Compen-
. sating for Lagging Current

alternator is only EI cos 0,

where the power factor (cos ) may in practice have a value of .8
or less. If a condenser (" of sufficiently large capacity, Fig. 59, is
connected across the terminals of an alternator .1 in parallel with
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an inductive receiving circuit RL, the effect of L will be neutralized;

the current delivered by A will be in phase with the electromotive

force of A; and the permissible power output will be EI. The
condenser is said to compensate for the lagging current taken by
the inductive receiving circuit.

The compensation produced by a condenser is due to the fact
that the alternating current taken by it is ahead of the electromotive
force in phase, while that taken by the reactive receiving circuit is
behind the electromotive force in phase.

Another advantage, aside from the increase of the permissible
power output of the generator, that would result from this com-
pensating of lagging current by means of a condenser, is that the
electromotive force of the alternator would not fall off so much
with increase of load as is the case when lagging current is not
compensated for. The cost, however, of large condensers is so

* great that their use for compensation of
. lagging current is not commercially prac-

) ticable, as may be seen from the follow-
ing discussion:

—> Let I, be the current delivered to the
receiving circuit. RL, Fig. 59. Let I, be
the current delivered to the condenser (';

this current is 90 degrees ahead of E in

Fig. 00 ons apor Diagram of Con- yhade, Let [, be the current delivered

by the alternator A. It is desired that

1, be in phase with E, as shown in Fig. 60. Let cos @ be the power

factor of the receiving circuit RL.

From Fig. 60 it is evident that I, is equal and opposite to that
component of I, which is at right angles to E, namely, I, sin 0.
Therefore

I.=1,.sin/0
E
Now, I is equal to 1 (= w(E), that is, is equal to the electro-

wC
motive force between the condenser terminals divided by the reactance

of the condenser. The value of sin 4 is
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——————; so that, substituting the values of [, and sin 0, the
V' R + oL
above equation for [, becomes

wCE=_“LE

R* 4 o2 12
whence
! L
C=——"F— 27)
R 4w? L

in witich R is the resistance (in ohms) of the receiving circuit; L is
the inductance (in henrys) of the receiving circuit; w is a factor
equal to 2z times the frequency in cycles per.second; and C is the
capacity (in farads) of the condenser required to compensate for
the lagging current delivered to the receiving circuit. Suppose
an alternator having an electromotive force of 1,100 volts and a fre-
quency of G0 cycles per second, delivers 102.4 amperes of current
to a receiving circuit of which the power factor is 0.871 (9.35 ohms
resistance and 0.014 henry inductance). The capacity of a con-
denser, which will compensate for the lagging current in this case,
may be calculated from equation (27) as follows:

3 0.014
793524 (27 X 60)2 X 0.0142:

= 0.0001214 farad = 121.4 microfarads

This condenser would take from-the mains a current of 50.34 am-
peres, which would be 90 degrees ahead of the e. m. f. in phase,
and this current would be equal and opposite to the wattless com-
ponent of the 102.4 amperes of current delivered to the inductive
circuit. Such a condenser would require about 114,000 leaves of
tinfoil 8 inchesX 10 inches, separated by 114,000 leaves of paraffined
paper, each 0.03 inch in thickness. This would give a stack of
condenser leaves of about 400 feet total thickness; and the cost of
meterial and labor would be at least $10 per microfarad.

Such a condenser would be impracticable but a synchronous
motor with over-excited field magnets behaves like a large con-
denser in that it takes an armature current which is ahead of the
electromotive force in phase. The synchronous motor is often used
in practice to compensate for lagging line current and when so
operated is called a rotary condenser.
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Circuits in Series. An alternator A, Fig. 61, delivers current
to two coils (or elements) in series as shown. Let R, be the resist-
ance and X, the reactance of coil 7. Let R, be the resistance

marn
Y
R |
¢ E
X,
R, |
X, -Ea -
1 o Yy ¢
- &, T
Fig. 61. Two Elements in Series Fig. 62. Diagram of E. M. F.,
in Alternating Circuit . Conditions for Fig. 61

and X, the reactance of coil 2. Let I be the current flowing
through the circuit; £ the electromotive force between the mains;
I, the electromotive force between the terminals of coil 7; aud
E, the electromotive force between the terminals of coil 2. Let
# be the phase difference between IJ and I; 0, the phase difference
between £, and I; and 0, the phase difference between E» and I,
as shown in Fig. 62.

X .
Of course (), is the angle whose tangent is Fl; f 1s the angle
. 1

0l : (Y + X
whose tangent is *—; and 0 is the angle whose tangent is (I—H,
It (I + Ry

according to equation (24).

Ezample. Two impedance coils have resistances of 5 and 8 ohms and
inductances of 0.01 and 0.2 henry, respectively. If these coils are connected
in series across 220-volt, 60-cycle mains, find: (a) the current; (b) the volt-
ages impressed across the coils; and (c¢) the phase relations between the cur-
rent and the voltages impressed across the coils.

SoLuTtioN. We have R1=5, R:=8, £=220, f=60, L, =0.01, L.=0.2
Then w=27f=27 X 60 =377 radians per second. The reactance of coil 1 is
X, =wl, =377 X 0.01=3.77 ohms, and the reactance of coil 2 is X, =
wL: =377 X 0.2 = 75.4 ohins. The total impedance of the ecircuit is Z=.

\/(Rl—l— R)*+ (X, + X, = \/(5—1-8)2 + (3.77+ 75.4)* = 80.23 ohms, so that
the current is
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To find the voltages E1 and E:  (Sec Figs. 61 and 62.) The impedance
et L
of coil 118 Z,= \,“ 5% 4+ 3.772 = 6.262 ohms and the impedance of coil 2is Z, =

\fsz + 75.42 = 75.82 ohms. The magnitude of the voltage E, is

E\=1Z,=274 X 6.262 = 17.16 volts,
and the magnitude of the voltage E, is
E,=1Z,=274 X 75.82= 2077 volts

The phase angle : between the current and E, is obtained from the
A 3.97
relation tan ;= — = —— = 0.754, whence
relation tan #; T E 54,
h =37°1

imilarly the phase angle 7. between I and E; is found to be .= tan™"
5.4
8

N
‘

=tan"' 9.425, or

0, = 83° 56/
Xi+X. 7907
R+ k. 13

and tan 4 = =6.090, whence

= 80° 41’

Referring to Fig. 62 it is evident that by taking the line (or vector)
representing the current I as the axis of reference, the lines representing the
clectromotive forces, E1, By, and E may each be resolved into two components,
one parallel to or in phase with I and the other perpendicular to or in quad-
rature with 7. Then the sum of the components of E, and E: parallel to I
will be equal to the component of E parallel to I, and similarly the sum of
the components of E: and E. perpendicular to I, will be equal to the vertical
component of E. Expressing these statements in equation form and substi-
tuting the values, we have the following:

(E1cos 0h) + (E2 cos 02) = (E cos )
(17.16 cos 37° 1') 4 (207.7 cos 83° 56’) = (220 cos 80° 40.3%)

(13.71) + (21.98) = (35.69 approx.)
and .
(F. sin ;) + (E1 sin 0y) (E sin 0)
(17.16 sin 37° 1’) 4+ (207.7 sin 83° 56") = (220 sin 80° 40.5%)
(10.34) + (206.7) = (217 approx.)

Circuits in Parallel.  An alternator A4, Fig. 63, delivers current
to two coils (or elements) in parallel as shown.

Let R, be the resistance, and X, the reactance of coil 7:
let R, be the resistance, and X, the reactance of coil 2; let I
be the electromotive force between the coil terminals; let I, le
the current in coil 1, I, the current in coil 2, and I the total current;
and let 0 be the angle of phase difference hetween E and I; 6, the
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phase angle between I, and E; and 0, the angle between I, and E,
as shown in Fig. 64.
The angies 6y, 0;, are known from the relations

» »

1

tan 0,=— tan ,= 22
1 2
/g E
The branch currents are: I,= I m and I,= VR X T+

but since they are not in phase, they cannot be added algebraically
to obtain the resultant current I, but must be added geometric-
ally as is done in Iig. 64.  The magnitude of I may be found by
trigonometry thus:  I=1 [* 4 I 4 21, I, cos (0,—0)).

In the case of circuits in parallel the voltage across each branch
is the same, and it is, therefore, convenient to determine all currents
by their magnitudes and their relations with respect to this common

|

A "
LI“ / o, 202

A
’ 7 /e

| .

Fig. 63. Two Elements in Parallel in Alternating
Circuit

voltage. Thus in Iig. 64 draw the line O L to represent the voltage
in magnitude; it is convenient to draw it horizontal since the current
vectors in the clock diagram are to be referred to this vector voltage
as the axis of reference. The vectors OI;, and OI, are then drawn
from () to represent the currents I, and I, in magnitude and with
the proper directions as determined by the phase angles 0, and 6.

The magnitude and phase of the resultant current I may be
obtained graphically from the clock diagram, but this method is
not to be recornmended where accuracy is sought.

To obtain by calculation the phase angle between the main
current [ and the voltage E, it is necessary to resolve I into its
components parallel to and in quadrature with E.
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The power component of the current 7, is

R, 1_ E R,
Iycosy= —=—-X — =E
VSN T T N T T
R, . .
where g,= 77 1s called the conductance of circuit 1.
3 1 -
Similarly the power component of I, is
Ril,
[n CcO f)n = FEq,
S Z, 2
The “reactive” or “wattless” component of the current I, is
X E X
I =1 —X —-=FEb
15111 1 175 Z1 7 7 1

Ay _—
where b, = is called the susceptance of circuit 1.

Z2

Fig. 64. Vector Diagram of Current Conditions
for Fig. 63

Similarly the reactive component of the current 7, is

. X F
Issinfly =1, 7. Z;_rbq
Since I is the vector sum of the two branch currents
I=1 +1,

The power component of the resultant current is the sum of the
power components of the two branch currents, or

I cos 0=1I, cos 01+ I cos 0,= Egi+ Egy=E (g1+g5)
and the reactive component of [ is

I Sin fl= Il Sil’l 01+12 Sin 02= Eb1+ Eb2= E (b1+bg)
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Therefore -

I sin 0 brtb,

tan = =
Lcosh g\ +g

and the magnitude of the vector [ being the hypotenuse of a right-
angle triangle, having a base I cos 0, and an altitude 7 sin #, is

I=EV (g1tg2p+ (biFbo)?

By drawing a semicircle on OE as a diameter and extending the
current vectors Iy, I, and I, till they meet the semicircle at B, A,
and (" in Fig. 64, some important relations may be deduced. Join
the points .1, B, and € with [, thus completing the triangles
0.1, OBE, and OCE. They are all right-angle triangles because
inseribed in semicircle.

A careful study of Fig. 64 will show that 0 A= R.I,, AE= X,I,,

(see page 33), and that \/()—A2 + A2 = OF = E from which R, =
04, AE . OF

S Xe="—" and Z,=
9

1, I, 1.’

Similarly O B= R\I,, BE=X,I,,and /OB +BE =0E=E and

RI=0C,CE=X]I, and\/?@“2 4 CF* = Ein which R is called the
“equivalent resistance” of the total circuit, and X its “equivalent react-
ance.” In other words, if the branched circuits were replaced by a
single coil having a resistance equal to R and a reactance equal to X,
the coil would take the same current from the mains as before, with
the same angle of lag, and would absorb the same total power. The
impedanee of this single “‘equivalent coil” is not the sum of the

=

impedances of the separate coils, but is 7{. '

Ezample. An impedance coil having a resistance of 19.05 ohms and a
reactance (at a frequency of 60 cycles) of 11 ohms is connected in parallel
with a second impedance coil having a resistance of 22 ohms and a reactance
of 38.1 ohms across 220-volt, 60-cycle mains. Find (a) the current in each
coil and the total (or line) current; (b) the phase relation of the currents;
() the power factor of the entire circuit and the power expended in it; and
(d) the “cquivalent” resistance and reactance of the circuit.
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(a) To find the currents, we have

Solwdon.
I, = E = 220 = 220 = 10 amperes
VR 4+ X V(19.05):+ (11)2 22
and
E 220 220
—— = 5 amperes |,

Lhie—— = —
VR4 X2 V@2)r4(38.1)7 44

The above values are simply the magnitude.s: of the branch currents.
Before they can be represented in a clock diagram, their directions must be

found.

1 9.

0, = —30°

The minus sign means a lagging current.

X, 381
tan 0, = — = o =1.732, or
0, = — 60°

The angle of phase difference between I, and I, is
0, — 0, = —=60°—(—30)° = - 30°

The vector currents may now be drawn to scale as is done in Fig. 64.
The resultant or vector sum of the eurrents /, and I, may be found by draw-
ing the diagonal of the parallelogram on I, and I, as sides. The main current

is then OJ.
Its magnitude may be found by trigonometry; thus

I=NP 1420, I, cos (0,—06)

=V10° 4+ 52+ (2 X 10 X 5 X 0.866) = V211.6 = 14.55 amperes.

To find the phase of I, we have

tan 0 = b—‘+—b2
g+ g2
X, 11 11 X 38.1
i =, = ——=—-=00227; b,=—F =— " =0.01968;
where b, Zf 19.05% 4+ 11 202 i D2 Zz (44)2
R, 19.05 B, 22 36
g = = ’(‘_‘2'1—)2 =0.0394] and g, = 7{ = (—44—)Q = (.01136.
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0.0227 + 0.01968 _ 0.04238

= 0.8359
0.0394+0.0114  0.0508

tan 0 =

or
= 39° 53’

which is the angle by which 7 lags behind E.

(¢) The power factor of coil 7 is cos #,—cos 30°=0.86603 and the
power expended in it is I} R, =10?X 19.05 =1905 watts, or it is E? g, = (220)?
X 0.0394 = 1905 watts. :

The power factor of coil 2 is cos 0, =cos 60°=0.5 and the power ex-
pended in it is I} R, =(5)?X22 =550 watts, or it is F2g, = (220)2X0.01136 =550
watts.

The power expended in coils 7 and 2 =1905 4550 =2455 watts.

The power factor of the entire circuit (two branches) is

cos = cos 39° 533" = 0.76735

and the power expended in it is

ET cos 1=220X14.55X0.76735 =2455 watts

(d) The “equivalent resistance’” R is

0C 220 cos 30° 53 _ 168.81

82 - — 11.6 oh
I 14.55 14.55 > onms

The power absorbed in R is
I’R=(14.55)2X11.6 =2455 watts
The “equivalent reaetance” X is

CE 220 sin 39° 53’

= = 0.7 ohms
1 14.55

The current I lags behind the volt:ige E, by an angle f given by

9.7
tan 0 = or tan // = 16 =0.836 from which 7 = —39° 53’ the same as found
O

above.

Electromotive Force Losses in Transmission Lines. An alter-
nator of which the electromotive force is E, delivers current over
a transmission line of which the resistance is R, and the reactance
(inductance reactance) is X, to a receiving circuit of which the
resistance is' R, and the reactance is X,. The total electromotive
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force used to overcome the resistance and the reactance of the
transmission line is F,, and the electromotive force between the

E R1 1
Fig. 65. Diagram of E. M, F. Losses in Transmission Lines—Recciving Circuit Non-Reactive
terminals of the receiving circuit is E,. The currént delivered is
I. Then the general relation between E, E,, and E, is as shown
in Iig. 62, except that E, is usually very much larger than E, in value.
There are three interesting and simple special cases of electromo-
tive force losses in transmission lines, as follows:*

Case 1, When the recetving circuit is non-reactive. In this
case the electromotive force K, between the terminals of the re-
celving circuit is in phase with I, the
power factor of the receiving circuit is
unity, and the general diagram of Fig.
62 takes the form shown in Fig. 65.
The total electromotive force E, con-
sumed in the line is sometimes called
the tmpedance loss or drop and its two
components R,I and X I, as shown in
Fig. 65, are called the resistance loss and
the reactance loss, respectively. Now,
a careful inspection of Fig. 65 makes it
evident that the numerical difference be-
tween the values of £ and E, is very
nearly equal to the resistance loss in
the line R, I; and that the reactance loss
in the lme X I has little to do with the
difference between the values of E and
E,. Therefore, when the recetving circuit
18 non-reactive, the difference in value be- o 1

. Fig. 66. E. M. F. Losses When
tween generator electromotive force E and 0 B CReTD
receiver electromotive force E, is sensibly
equal to the resistance loss of electromotive force in the line, and sen-
sthly independent of the reactance loss of electromotive force in the line.

*This discussion applies to comparatively short lines, ten miles or less in length,
inasmuch as the capacity of the line is not here taken into account.
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Cast 2. When the receiving circuit is highly reactive. In this
case the electromotive force I, between the receiving circuit ter-
minals is nearly 90 degrees ahead of I in phase, and the general
diagram of Fig. 62 takes the form shown in Fig. 66. A careful
inspection of Fig. 66. makes it evident that the difference in value
of E and E, is very nearly equal to the reactance loss in the line
XiI; and that the resistance loss in the line R,I has little to do
with the difference between the values of E and E,. Therefore,
when the recetving circuit is highly reactive, the numerical difference
en value between generator electromotive force E and receiver electro-

o motie force Ey ts sensibly equal to the re-
! actance loss of electromotive force in the
: : line, and sensibly independent of the resist-
o g i ance loss of electromotive force in the line.
'6, Case 3. When the receiving circuit
L has large capacity reactance. In this case
the electromotive force F; between the
| receiving circuit terminals is nearly 90 de-
grees behind I in phase, and the general
diagram of Fig. 62 takes the form shown
in Fig. 67. A careful inspection of Fig.
67 makes it evident that the difference
between the values of F and E, is very
nearly equal to the reactance loss in the
line XiI, and that this reactance loss is
added to the generator electromotive force
E to give the receiver electromotive force
3 O B G E,. Inspection of Fig. 67 shows further-
more that the resistance loss in the line
R.I has little todo with the difference in value of E and E,. There-
fore, when the receiving circuit has a high capacity reactance, the re-
actance loss in the line is sensibly equal to the rise in value of the elec-
tromotive force between generator and recewver, and this rise in value
1s sensibly independent of the resistance loss of electromotive force
tn the line. It is somewhat confusing to speak of the electromotive
force X,I as reactance loss when the receiving circuit has a high
capacity reactance; it would be better in this case to speak of .X,I
as the reactance gain of electromotive force in the line.

X1 >
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Electromotive Force Losses in Alternator Armatures. Let E be
the total induced electromotive force in the armature of an alterna-
tor. A portion E, of this electromotive force is used to overcome
the resistance R, and the reactance X, of the armature; and the
remainder FE, is available at the terminals of the alternator for
producing current in the outside circuit, of which the resistance is R,
and the reactance is X,. The general relation between E, E, and I,
is as shown in Fig. 62, except that E, is usually very much larger than E,
in value.  There are three interesting and simple special cases of elec-
tromotive force losses in alternator armatures, as follows:

Case 1. When the recetving circuit is non-reactive. In this
case the electromotive force E. between the terminals of the alter-
nator is in phase with the current I delivered by the machine, and
the general diagram of Fig. 62 takes the form shown in Fig. 65,
from which it is evident that when the receiving circuit is non-
reactive, the numerical difference in value between the total induced
electromotive force E and the terminal electromotive force [,
of the machine is sensibly equal to the resistance loss of electro-
motive force R,/ in the armature, and sensibly independent of the
reactance loss of electromotive force X,/ in the armature.

Cask 2. WWhen the receiving circuit vs highly reactive. In this
case the electromotive force I, between the terminals of the alter-
nator is nearly 90 degrees ahead of I in phase, and the general diagram
of I'ig. 62 takes the form shown in Fig. 66, from which it is evident
that when the receiving circuit is highly reactive the numerical
difference in value between the total induced electromotive force F
and the terminal electromotive force I of the machine is sensibly
equal to the reactance loss of electromotive force X,/ in the arma-
ture, and sensibly independent of the resistance loss of electro-
motive force R,I in the armature.

CasE 3. When the recetving circuit has large capacity react-
ance. In this case the electromotive force E; between the ter-
minals of the alternator is nearly 90 degrees behind I in phase, and the
gencral diagram of TFig. 62 takes the form shown in Fig. 67, from
which it is evident that when the receiving circuit has a high capacity
reactance the difference in value between E and E, is sensibly equal
to X1I, E; being larger than E, and sensibly independent of the
resistance loss of clectromotive force 11,1 in the armature.
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MEASURING INSTRUMENTS

Electrical measuring instruments may be divided into three
classes, as follows:

(a) Indicating instruments which give the value of an elec-
trical quantity at the time of observation, or which may be so
manipulated as to give this value.

(b) Integrating instruments which combine the element of
time with the element of electrical quantity. For instance, a watt-
hour meter gives a reading proportional to the product of the average
power in watts and the time in hours, or in other words, it measures
the electrical energy expended in the circuit to which it is connected;
it is not, therefore, a power meter.

(¢) Recording instruments which trace a curve or other graphic
record showing the variation of some electrical quantity, such as
voltage, with time. It should be carefully noted that the name
“recording wattmeter” is very commonly but incorrectly applied
to the integrating watt-hour meter. The latter is not a recording
instrument, nor is it a wattmeter. A true recording wattmeter
would draw a curve showing the variation of the watts with time.

Electrical instruments may be also classified according to con-
struction and method of use into: switchboard, portable, and semi-
portable or laboratory types.

INDICATING INSTRUMENTS

Indicating electrical instruments may be divided into three
groups, as follows: (1) Those adapted for direct currents only, a
consideration of which is beyond the scope of this text; (2) those
adapted for both direct- and alternating-current circuits, which
class comprises hot-wire, electrostatic, and electromagnetic instru-
ments, and electrodynamometers; (3) instruments operating only on
alternating current, which depend upon the interaction of induced
and inducing currents, and are usually described as induction instru-
ments.

Hot-Wire Ammeter and Voltmeter.* Instruments of the hot-
wire type depend upon the expansion of a stretched wire when heated

. *All voltmeters except [the electrostatic voltmeter are essentially ammeters; that is.
the elertromotive force to be measured produces a current which actuates the instrument,
The scale over which the pointer moves, may be arranged to indicate either the value of
the current flowing through the instrument, or the value of the electromotive force acting
between the terminals of the instrument.
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by the passage of a current, which actuates a pointer moving over
a divided scale. These instruments are adapted for both direct and
alternating current for, when calibrated by continuous currents or
electromotive forces, they indicate effective values of alternating cur-
rents or electromotive forces. This may easily be proved true by
considering an alternating current and a continuous current €' which
give the same reading. These currents generate heat in the wire at
the same average rate, which is C2R for the continuous current, and
average 13X R for the alternating current,: being the instantaneous
value of the alternating current. Therefore, (2R=average *X Ii; or
(*= average i*; or C=1 average i*.

The proof for electromotive forces is similar to this proof for
currents.

Recent instruments of the hot-wire type have a working wire
from 3% to § inches in length, of small size for voltmeters and of larger
size for ammeters. The voltmeters have a non-inductive resistance
connected in series, and the ammeters usually have the working wire
connected in parallel with several sections in order to reduce the
required drop of voltage in the shunt.

Hot-wire instruments are comparatively little used in this
country in practical work, their disadvantages being relatively large
power consumption, uncertainty of zero (on the scale), and errors
due to change of surrounding temperature and to heating when
left long in circuit; furthermore, to secure sensibility, the working
wire must be operated at a fairly high temperature and may thus be
easily damaged by sudden overloads which in other types of in-
struments would hardly do more damage than the bending of a
pointer. '

The advantages of hot-wire instruments which cause its con-
tinued use for certain ctasses of work are its independence of fre-
quency, wave form, and stray magnetic fields; the fact that it may
be calibrated on direct current; and the fact that shunts may
be used with the ammeter on alternating current.  For use in labora-
tories with unusual frequencies or wave forms, and where there are
facilities for calibration on direct current, the hot-wire type has
marked advantages. It should be noted, however, that for very high
frequencies, such as those employed i wireless telegraphy, shunted
hot-wire ammeters are not reliable. This is due to the fact that for
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such lmgh-frequency currents the effective resistance of the shunt—
including the so-called “skin effect”’—is much greater than for direct
current, and that the current in the shunt will lag more behind the
‘clectromotive force than the current in the working wire. For these
extreme frequencies, therefore, it is necessary to use a hot-wire
ammeter so constructed as to permit the whole current to pass
through the working wire which shall have its effective resistance
at the frequency used practically equal to its resistance for direct
current, thus eliminating the shunt altogether.

Fig. 68 is 4 general view of the hot-wire voltmeter of the Roller-
Smith Company, and Fig. (9 is a diagram of its essential mechanism.
In Fig. 69, a wire a, called the working wire, hecause it alone carries

Fiaz. 68. General View of a Hot-wire
Voltmeter— Roller-Smith Company

current, is fastened at one end to a plate ¢, passed around a pulley
d secured to a shaft e, and its free end brought back again and me-
chanically attached to, though electrically insulated from, the same
plate ¢. The wires a and b are kept under tension by the spripg f
attached to the plate ¢, which is being constantly pulled in a direction
at right angles to the axis of the shaft e, and is so guided that it can
be moved in that one direction only. To the shaft e is secured an
arm ¢ which is forked at its lower end and counterweighted at its
upper end. Between the forked ends of the arm ¢ is another shaft
k on which there is a small pulley and to which is attached the light
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pointer ¢; a fine silk fiber passes around the pulley and is secured to the
ends of the fork arms which are springy and keep the silk fiber taut.

The current to be measured passes through the wire a only,
entering and leaving as shown by the arrow heads on the terminals
near ¢ and d. When a is heated by the current it expands, causing
its tension to be less than the tension of b. The result is that the pulley
d is rotated in a clockwise direction until the tensions in « and b are
again balanced. When the pulley d is rotated, ¢ is moved to the left
and this causes the silk fiber to rotate
the shaft % and the pointer 7. TFrom
this construction and the ratio of the
lever arms, it is evident that a very
slight elongation of the wire a suffices
to produce a considerable movement
of the pointer 7.

One of the objections to hot-wire
instruments, viz, that the working
wire is affected by changes in the
temperature of the air thereby intro-
ducing an error in the measurements,
is successfully overcome in this make
of instrument by simple compensation.
Thus, if the temperature of the sur-
rounding air changes, the wires ¢ and

b are affected alike, both either con- Pty G e O S

tracting or expanding by the same
amount, which causes a movement of the plate ¢ back or forth in
its path, but without any tendency to rotate the pulley d.

The entire moving system illustrated in Fig. 69 is mounted on
a single base plate and, by means of a lever projecting through the
instrument case, may be rotated slightly about a heavy shaft whose
axis is in line with the axis of the pointer shaft 2. The scale with
its support being stationary, this device permits of correction for a
bent pointer, or adjustment to zero on the scale without interfering
with the mechanism in any way.

While the hot-wire instruments of the Roller-Smith Company
are nearly dead-beat, an auxiliary damping device is usually fur-
nished consisting of an aluminum disk swinging between the poles
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of a stationary permanent magnet. Hot-wire voltmeters are specially
suited for measuring low electromotive forces up to about 75 volts.
The switchboard hot-wire ammeters, reading from 25 up to 1,000
amperes, have separate shunts to which the instrument is connected
by flexible leads.

Electrostatic Voltmeter. Instruments of the electrostatic type
depend upon the attraction of oppositely charged bodies, and repul-
sion of similarly charged ones. Two metallic plates connected to
the terminals of a battery, or any other source of clectromotive force,
attract each other with a forece which is cxactly proportional to the
square of the electromotive force. As these forces are relatively
small, instruments of this type are not well adapted for use as am-
meters, and it is difficult to construct satisfactory voltmeters on the
electrostatic principle for the ordinary low voltages of 110 to 220
volts. The electrostatic principle is especially adapted to the meas-
urement of high voltages from about 10,000 up to 200,000 volts.
The voltmeter consists essentially of a fixed metal plate and a mov-
able plate delicately mounted on a jewelled pivot. The movdble
plate carries a pointer, which plays over a divided scale. The electro-
motive force to be measured is connected between the fixed plate
and the movable plate, and the electrical attraction between the
plates causes the movable plate to turn about its supporting pivot
and move the pointer. Such an instrument, when calibrated by con-
tinuous electromotive force, indicates effective values of alternating
electromotive force, as may be seen from the following discussion:
A given dcflection of the movable plate depends upon a definite
average or constant force acting between the two plates. The force
due to a constant electromotive force £ is kE?, that is, the force is
proportional to FE2; and the average force due to an alternating
electromotive force e, is kX average ¢2. If these electromotive forces
give equal deflections, the constant force ©/2 must be equal to the
average force kX average ¢?; that is

k2 =k average e?
or
I = average ¢?
or

V average = E
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The great advantage of this type of voltmeter is that it takes
no current when used on direct-current circuits, and an extremely
small current when used on alternating-current circuits. Its other
advantages, like those of the hot-wire instruments, are that it is
independent of changes in frequency, wave form, and stray mag-
netic fields. Furthermore, for very high voltages—up to several
hundred thousand volts—the construction is relatively simple and
cheap, and no auxiliary “potential” transformers are required for
reducing the voltage to be measured. It has the disadvantage of
small ratio of torque to weight of moving parts, so that errors due
to friction of the moving element are relatively large and difficult
to avoid. For this reason low-range electrostatic voltmeters are
often made with thé moving element suspended by a wire or strip
instead of rotating on pivots.

Fig. 70. Diagram of Westinghouse Electrostatic Voltmeter

Excepting the electrostatic ground detector, which is essen-
‘tially a voltmeter, this type of instrument has as yet been little
used in commercial work outside of the laboratory. The adoption,
however, of increasingly high voltages for long-distance transmission
of power carries with it a demand for a reliable commercial form of
this instrument. Great progress has lately been made towards
putting the electrostatic voltmeter on a commercial basis.

Fig. 70 shows a diagrammatic view of the principle and arrange-
ment of parts of the electrostatic voltmeter brought out by the West-
inghouse Electric Company. Fig. 71 (a) shows the moving element.

The meter element consists of two stationary curved aluminum
plates B; and B, between which is suspended a movable vane M, 3,
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controlled by a light spiral spring so adjusted that the pointer P
remains at zero with no voltage on the meter, and gives the full scale
deflection at the proper voltage for which the instrument is desigited.
The curved plates B, and B, are connected, as shown, to the inner
plates of the condensers ', and C,, and so arranged with respect to
M, M, that when a voltage difference exists between the terminals
T, and T., the induced — charge on M, and the + charge on M,
being attracted by the 4+ charge on B, and the — charge on B,,
respectively, the moving element M, M, rotates counter-clockwise
into the new position shown by the dotted lines in Fig. 70.

The condensers €, and ('; are in series with the other parts of
the instrument, the inner plate of each being connected to the fixed

’

(a) 0ld Form of Moving Element (b) Modern Moving Element

Fig. 71. Westinghouse Eleetrostatic Voltmeter

plates B, and B,, and the outer plate of each to the terminals 7', and
T:. For high voltage readings the instrument is connected as a
shunt across one of the two (or more) condensers in series, thus
impressing any desired fraction of the total voltage upon the instru-
ment terminals. For reading lower voltages, one or more of the
condensers are short-circuited, thus permitting the same instrument
to be used over a wide range. IFig. 71 (b) shows a modern element.

The meter is placed in a sheet-iron tank filled with transformer
oil. This is necessary because oil has a far greater dielectric strength
than air, and in this meter the distance between the parts, between
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which there is a high voltage difference, is less than the distance at
which arcing across in air would occur. The oil also acts to dampen
the moving element, thus making the instrument dead-beat and
easy to read. ,

The electrostatic ground detector is a modified electrostatic volt-
meter. Its essential features are shown in Fig. 72. Two metal
plates A and B are connected to the two mains a and b (usually
through two high resistances RR); and a light movable metal plate
m, suspended between 4 and B, is connected to ground (usually
through a high resistance R). If both lines are equally well insulated
from ground, the plates A4 and B are each at the same electrical
pressure or potential, attracting the plate m equally so that it hangs
midway between them. If one of the mains, say a, is grounded, its
pressure or potential becomes equal tv the potential of m, so that
plate A no longer attracts m, and the
plate m is, therefore, pulled to the right

7o grournd
by the attraction of B, the movement
being indicated by a pointer p. o R -
The same results may be accom- ¢
plished, when the plate m is entirely R R

insulated from the ground, by having
a grounded auxiliary stationary plate
near m. m
The essential features and mode of
connection of the General Electric Com-
pany’s electrostatic ground detector are
shown in Fig. 73; and a general view of
the instrument, with cover removed, is
shown in Fig. 74. i cetrostatis Ground Dotertoe "
Electromagnetic Ammeters and Volt-
meters. Instruments of this type depend upon the action of a coil car-
rving the current to be measured, upon one or more pieces of soft iron.
Such instruments are also called “moving-iron”, i“soft—iron”, and
“magnetic-vane” types. Instruments of this general type have been
used for many years, the earlier ones having been constructed with
heavy soft iron cores which were drawn into solenoids energized by the
current to be measured. The pull on the plunger due to the current
was balanced by a weight attached toaleverarm. The earlier design
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68 ALTERNATING-CURRENT MACHINERY
sometimes referred to as the “plunger” type, was faulty, and has
been since superseded by the modern designs which involve the

gk

° 3 J ‘@l ’@)J

i}

GROUND GROUND

Fig. 73. Connecting Circuits for an Electro-
static Ground Detector

use of one or two thin vanes of soft iron mounted on a pivoted staff
within the coil.

The soft-iron type of instrument is calibrated by the use of
direct electromotive forces or currents, but it does not indicate
accurately effective values of alternating electromotive forces, or

©

Fig. 74. General Electric_Ground Detector
with Cover Removed

currents. A soft-iron type méter (ammeter or voltmeter) should
be calibrated, using alternating current of the same frequency as
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that for which the meter is afterwards to be used, and of the same
wave shape. Thus, if an instrument of the electromagnetic type
is to be used as an ammeter for alternating currents of a given wave
shape and frequency, it should be calibrated by currents of this
wave shape and frequency, these currents, for the purpose of the
calibration, being measured by a standard alternating-current am-
meter, such as an electrodynamometer.

The indications of an instrument of the electromagnetic type,
however, do not vary greatly with wave shape and frequency, and
such instruments are practically correct for any ordinary wave
shape and frequency.

The ammeters are but slightly affected by even large changes
in frequency; the voltmeters, on account of their relatively large
inductance, are more affected than the ammeters. The error in the

Fig.75. Mounted Coil of a Thomson Inclined-Coil Meter

L4

voltmeter is not large over the ordinary range of frequencies, and
may be computed for extreme frequencies from the measured values
of resistance and inductance. A valuable feature of this type of
instrument is its very small temperature coefficient. They are
well adapted for commercial measurements on alternating current
circuits, and for direct current when only approximate results
(within 2 or 3 per cent) are needed. The electromagnetic volt-
meter or ammeter cannot be checked accurately on direct currents,
as even the average of reversed readings does not give an accurate
test of the performance on alternating current. This is due to the
hysteresis effect in the soft-iron vanes, thereby causing the instru-
ment to read higher for decreasing direct currents than for increas-
ing values. This difference may amount to several per cent. An-
other advantage of these instruments is their moderate price, and
simple construction.

79




70 ALTERNATING-CURRENT MACHINERY

Thomson Inclined-C'otl Meter. 'The Thomson inclined-coil meter
‘of the General Electric Company is an example of the electromag-
netic type. The working parts of this instrument are shown in
Fig. 75. A coil A, through which flows the current to be measured,
is mounted with its axis inclined as shown. A vertical staff mounted
in jewel bearings and controlled by a hair spring, passes through the
coil, and to this staff are fixed a pointer b and a vane of thin soft
sheet iron a. This vane of iron is mounted obliquely to the staff.
When the pointer is at the zero point of the scale, the iron vane a
lies nearly across the axis of the coil; and when a current passes
through the coil, the vane tends to turn until it is parallel to the
axis of the coil, position «’ in Fig. 75, thus turning the staff and
moving the attached pointer over the calibrated scale. The vane

Fig. 76. Thomson Inclined-Coil . Kig. 77. WorkingrParts of Thomson
Ammeter Inclined-Coil Ammeter

tends to turn into a position which makes the reluctance of the
magnetic circuit a minimum.

Fig. 76 is a general view of a Thomson inclined-coil ammeter,
and Fig. 77 is a view of the working parts of the instrument. The
structural details of the inclined-coil voltmeter are identical with
those of the ammeter, except that the voltmeter has fine wire in
the inclined coil and usually an auxiliary non-inductive resistance
in series with the inclined coil.

Roller-Smith Repulsion Ammeter. Another example of an am-
meter of the electromagnetic type using the repulsion principle is
illustrated in Figs. 78, 79, 80, which give a plan, sectional elevation,
and detail, respectively. It is manufactured by the Roller-Smith
Company. The current to be measured is led by cables to the
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terminals ¢ and «; and thence to the coil through heavy copper
straps shown in dotted outline underneath the scale in Fig. 78.
The terminal «; is thus electrically connected to the brass spool m
to which is soldered the conducting strip j, Fig. 79, whose carrying
capacity is adapted to the current for which the instrument is de-
signed. The conductor j is wound about the spool upon a layer
of insulating material to give the required number of turns and
is finally brought to the post r, Fig. 78, which passes down through

Fig. 78 Plan of Roller-Smith Repulsion Ammeter

the insulating bushing /, and connects underneath with the copper
strap terminating at «. The same method of winding is used in
the case of voltmeters, except that instead of the copper straps,
flexible leads are used to connect the spool to binding posts covered
with hard rubber, and located outside of the case.

The moving element ¢ is carried and supported by the structure
shown at g, which is secured to the brass spool by the two hexagon-
headed bolts as shown in Fig. 78. This construction enables the
moving elements as well as the coils to be made up separately as
occasion demands, and independently of the rest of the mechanism,
and thus reduces the manufacturing cost.

 The structure ¢ consists of a casting into which is inserted a
piece of brass tubing, having a solid bottom, for holding the lower
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jewel screw. The side of the tube is used to support the fixed
magnetic vane b. The moving iron vane c is fastened to the staff 1,
which also carries the pointer e, which moves
over the divided scale. The vibrations of ¢ are
dampened by the vane f, Fig. 79, which is forced
to move in the nearly air-tight box which forms
an integral part of the casting. The controlling
spring d is adjusted so that the pointer e is
e normally held at zero on the scale. If the
—_— pointer fails to return to zero, it may be
brought there by means of the lever %, which
is connected to a button on the outside of the
case.

The action of the instrument is as follows:
when a current is passed through the coil wind-
ing j, it magnetizes both the fixed and movable
vanes within the coil. Both vanes being made
of very soft iron, are similarly magnetized and,

SecTion A-B
Fig. 79, Sectional Elevation therefore, repel each other. The movable vane

of Repulsion Ammeter o o o o o
c thus rotates in a clockwise direction carrying

the pointer e to the right along the scale. This movement of the
vane is opposed by the action of the controlling spring d resulting
in the pointer coming to rest at a point depending upon the strength
of the current passing in the coil. The design and arrangement
of the movable and fixed soft iron vanes is such as to give the
scale shown in TFig. 78, which is reproduced from an actual cali-
brated scale. The pivots of the moving system are of steel, tem-
pered and highly polished, and the bearings are of highly polished

sapphires.
. © Electrodynamometers. Of the four types of
instruments for use on both direct and alter-

nating currents, the electrodynamometer is on
. @ the whole the most valuable. This instrument
depends upon the force exerted by one circuit
F;%Ri%ug?:;ﬁ‘,,?;fggm carrying a current upon another, or by a por-
tion of a given circuit upon another portion of

the same circuit. Instruments of this type usually contain one

or more fixed coils which set up a magnetic field directly proportional
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to the strength of the current flowing through them. Within this
field is arranged a moving ccil, or system of coils, through which

current may be passed. If the twc coiz
of coils are connected in series, the torque
exerted upon the moving system, for a
given relative position of the coil sys-
tems, is proportional to the square of the
current, and is not dependent upon the
direction of the current. Such an instru-
ment, therefore, constitutes an ammeter
which is equally correct on direct cur-
rent, and -on alternating or pulsating
current of any frequency or wave form.
The value of this type consists largely
in this inherent accuracy on these differ-
ent kinds of current. Since the funda-
mental electrical standards and precision
methods of testing involve direct current
only, the electrodynamometer type,
calibrated on direct current, may be

]

[ ]
= &=

Fig. 81. Sectional Elevation of Sie- =
mens Electrodynamometer

used as a precision instrument for alternating current.
Llectrodynamometer Used as an Ammeter. The electrodyna-
mometer consists of a fixed coil and a movable coil connected in series,

through both of which the current to

be measured flows. The

current causes the fixed coil to exert a certain force upon the mova-
ble ccil; and the value of the current is determined (a) by observing

the angle ¢ through which a helical spring
must be twisted by hand in order to bal-
ance the above-mentioned force; or (b)
by allowing the force to turn the mov-
able coil, thus moving a pointer over a
divided scale. In the Siemens electro-
dynamometer method (a) is used; while
in many commercial forms of electrody-
namometer method (b) is used.

The essential features of the Siemens

Fig. 82. Dial of Siemens Electro-
dynamometer

electrodynamometer are shown in Figs. 81 and 82. The stationary
coil . is supported by a clamp attached to the standard S; and
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the movable coil B is hung by a thread, the plane of coil B being
at right angles to the plane of coil A. - The terminals of the mov-
able coil dip into cups of mercury @ «, and the current to be
ineasured is sent through both coils in series. The force acting
between the coils is balanced by carefully turning the torsion head
¢ by hand, thus twisting a helical spring b, one end of which is
attached to the coil B and the other to the torsion head ¢. The
observed angle of twist necessary to bring the swinging coil to its
zero position, is read off by means of the pointer d and the grad-
uated scale e. The pointer f attached to the coil shows when it
has been brought to its zero position. The observed angle of
twist of the helical spring affords a measure of the force acting
hetween the coils, and the current is proportional to the square
root of this angle of twist. That is

I=rv ¢ (28)

in which I is the eflective value of the alternating current; ¢ is
the observed angle of twist of the helical spring b; and k is a con-
stant called the reduction factor of the instrument.

For example, a twist of 220° is required to balance the force
due to 18.8 amperes in a certain Siemens electrodynamometer;
the reduction factor % of the instrument is, therefore, by equation
(28), equal to 18.8 amperes ~+ 17220, or 1.267. A certain current
to be measured requires a twist of the torsion head of 165°, hence
the value of the current is equal to 1.267 X 1/ 165, or 16.28 amperes.

The electrodynamometer, when standardized by direct currents,
indicates effective values of allernating currents; thus, a given de-
flection of the suspended coil depends upon a definite average or
constant force acting between the coils. The constant force due
to a constant current (" is k(2 (proportional to ('2); and the average
force due to an alternating current is kX average i%; so that if these
currents give equal deflections, we have k(?=~kXaverage i*; or (?=
average i2; or (' =V average 1°. “

Electrodynamometer Used as a Voltmeter. When used as a volt-
meter the coils of the electrodynamometer are made of fine wire,
and an auxiliary non-inductive resistance is usually connected in
series with the coils. When the inductance of the electrodynamometer
("oils is small, such an instrument, when calibrated by continuous electro-
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motive forces, indicates effective values of alternating electromotive
forces.

When it is certain that the inductance of an electrodyna-
mometer is negligibly small, the instrument may be used in precise
alternating electromotive force measurements. In order to deter-
mine this it will be necessary to find the inductance error of the electro-
dynamometer when used as a voltmeter. An electrodynamometer
which has been calibrated by continuous electromotive forces in-
dicates less than the effective value of an alternating electromotive
force. Let E be the reading of an electrodynamometer voltmeter
when an alternating electromotive force (harmonic), of which the
effective value is I, is connected to its terminals. That is, E is the
continuous electromotive force which gives the same deflection as E;
and, since F gives the same deflection as E, it follows that the effective
current produced by I is equal to the continuous current produced
by E; that is

E E

I vV R2+ 22
in which R is the total resistance of the instrument; L its inductance;

and w = 2zf, where f is the frequency of the alternating electromotive
force. Solving the above equation for I, we have :

_ V' R+ w22 E
= T
That is, the reading of the instrument must be multiplied by the
VR4 w2

R
alternating electromotive force.

Induction Instruments. Instruments suitable for alternating
current only, depend upon the interaction of inducing and induced
currents, and are commonly described as “induction” instruments.
They are usually designed with a laminated iron core around which
one or more coils of wire are wound. An alternating magnetic flux
is produced in the air gap of this core when current passes through
the coils. The effect of a rotating magnetic field is secured, either
by having currents differing in phase pass through two groups of
coils, or by using a single inducing coil with fixed copper plates or

K

factor to give the true effective value of a harmonic
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bands in which induced currents are generated. The resultant action
of the flux due to the coil and that due to the induced currents in
the fixed copper pieces, produces the effect of a rotating magnetic
field. An aluminum disk or drum pivoted in the field tends to rotate
with the rotating field. The motion of the drum or disk is opposed
by a suitable spring in the case of indicating instruments, whereas
retarding magnets and registering mechanism to read the total
quantity that has passed through' the meter are provided in the case
of integrating instruments, such as the watt-hour meter.

Indicating or direct-deflection induction meters are made in
portable form for commercial testing, but are more generally used
for switchboard instruments, including ammeters, voltmeters, watt-
meters, frequency meters, and power factor meters.

The advantages possessed by port-
able induction indicating instruments
are that they are not sensitive to
external stray fields, that they have
long (over 300°) open scales, that the
moving element is simple, light, and
strong, and has no windings and,
therefore, needs no provision for lead-
ing current in and out.

The disadvantages of this type of
meter are that its readings tend to

. vary more or less with changes in fre-

: quency and temperature, although in

Fig. 83. Westinghouse Induction  instruments of the latest design these

errors have been greatly reduced.

These instruments should be calibrated under conditions (espe-

dally frequency) as nearly as possible like those under which they
are to be used. ,

The construction and principle of induction indicating instru-
ments is illustrated by the “Type F” induction voltmeter made by
the Westinghouse Electric Company for switchboard service, shown
in Fig. 83 with its case and dial removed. The view shows the fine
wire primary coils of a current transformer wound about the two
legs of an inverted U-shaped structure of laminated iron. The
primary coils are connected in series with a high-resistance wire of
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zero temperature coefficient, the object of which is to make the
readings of the voltmeter more nearly independent of frequency.
The secondary coil of the current transformer is wound directly
under the primary coils and connected to the few turns of coarse
wire marked ‘“‘auxiliary ccils,” Fig. 83, on the pole pieces. The
entire secondary circuit forms a closed winding. The poles constitute
in effect a two-phase bipolar rotating field produced by two magnetic
fluxes which are nearly at right angles to each other. One of these
fluxes is due to the auxiliary coils carrying the secondary current
and the other to the magnetizing component of the primary current.
To vary the capacity of the meter, the number of primary turns
and the size of wire, only, need to be changed. In the air gap between
the poles is the moving element which is a very light aluminum drum
mounted on a shaft having highly
polished and hardened pivots rest-
ing in polished sapphire jewels.
This shaft also carries the indi-
cating pointer and control spring
which opposes the torque by the
moving element.

Type F voltmeters are made
for circuits ranging in voltage from
150 up to 750 volts. Tor higher
voltages, voltage transformers are

required.

Fig. 84 is a general view of an :
. . . . R : Fig. 84. Westinghouse Induction
induction indicating ammeter also - Indicating Ammeter

made by the Westinghouse Electric .
Company for switchboard service. It isidentical in principle with the
voltmeter above described, practically the only difference being in the
primary coilsof the current transformer which have fewer turns of
larger wire. They are wound for 5 amperes and can be connected to
circuits where smaller currents are to be measured and the voltage is
less than 1,000 volts. When the current exceeds 5 amperes, series or
current transformers are used, having their secondaries wound for
5 amperes.

Wattmeter. A good wattmeter is the standard instrument for
measuring power in alternating-current circuits. The wattmeter
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is an electrodynamometer, of which one coil a, Fig. 85, made of fine
wire, is connected to the terminals of the circuit CC, in which the
power to be measured is expended. The other coil b, made of large
wire, is connected in series with CC, as shown. The fine-wire coil
e is movable, and carries the pointer which indicates on a divided
scale the watts expended in ('C.

Such an instrument when calibrated with
continuous current and electromotive force
indicates power accurately when used with
alternating currents, provided the induc-
tance of the circuit ar is small. Thisis true
whatever the wave shape of the electromo-
tive force or current, and whatever the
character of the receiving circuit CC.
Fiz. 85. Disgram of an Alterna-  L1US the circuit CC may have any react-

ting Cizzalt Containinga ance, as may be seen from the following
discussion: A given deflection of the mov-

able coil « depends upon a certain average or constant force action be-
tween the coils. Consider a continuous electromotive force E, which

marn

mamn

producesacurrent—lj in a, and a current (" in CC" and b. The force
action between the coils is proportional to the product of the currents
in a and b; that is, the force action is A‘X—EXU,Where k is a constant.

Consider an alternating electromotive force of which the instan-

.
taneous value is ¢; this produces a current—:— througha (provided thein-
ductance of a is zero), and a current 7in C'("and b. The instantaneous
force action hetween the coils is A‘X%X i; and the average force action
is —;Xnverage e, If this alternating electromotive force gives the
same deflection as the continuous electromotive force, then
IS

.k
— X arerage ei=— EC
or r r

average ei=EC
that is, the given deflection indicates the same power whether the
currents are alternating or direct.
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Power Factor. Let P be the true power delivered to the circuit
('C as measured by a wattmeter; let ¥ be the effective electromotive
force between the terminals of (!(" as measured by an alternating-
current voltmeter; and let | be the effective current flowing in CC

as measured by an alternating-current ammeter.
)

Then the ratio 7 is called the power, factor of the circuit ('C',

Eramples. 1. The primary coil of a certain 5-kilowatt transformer
with secondary coil open-circuited takes 0.14 ampere from 1,000-volt mains;
and the power as measured by a wattmeter is 100 watts. The power factor,
therefore, is

100 watts
. 00 watts 0714
1,000 volts X 0.14 ampere

2. One of the stator circuits of a polyphase induction motor running
unloaded has a power factor of 0.6. It takes 2 amperes from 200-volt mains.
The true power, as would be indicated by a wattmeter, is

P =200 volts X 2 amperes X 0.6 =240 watts

Compensated Wattmeter. 1f a wattmeter is connected as shown
in Ifig. 85, it measures the power delivered to the circuit ('C plus
the power consumed in heating the circuit ar; hence the wattmeter
reading is greater than the power delivered to the circuit CC.

Again, if a wattmeter is connected as shown in Fig. 86, it meas-
ures the power delivered to the circuit C'C
plus the power consumed in heating the
coil b; hence, in this case also, the watt-
meter reading is greater than the power
delivered to the circuit C('.

The compensated wattmeter, which is

mamn

of the direct-deflection type, manufac-
tured by the Weston Electrical Instru-
ment Company, is designed to eliminate — - )

v - Fig. 86. Diagram of Alternating

the above-mentioned sources of error in Circuit Containing Wattmeter
Improperly Connected

ma/n

the following manner, the connections

being shown in Fig. 85. Let (' be the current in ('C', and let a be
the current in « and r. Then the current in bis (4, and the force
acting upon the movable coil is proportional to the product «
(C+a), instead of being proportional to the product a(’. In the
compensated wattmeter, the wire leading over to the cod «, con-
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nected as shown, is laid alongside each and every turn of wire in
coil b. Then current C+a flows down through b; current a flows
back alongside the wire of coil b; and the result is the same as if the
current ¢ were subtracted from the current C+a, so far as the mag-
netic action of the coil b is concerned.

Portable Torsion Wattmeter. A portable wattmeter of the torsion
type manufactured by the Roller-Smith Company, Figs. 87 and 88,
is of the electrodynamometer type but without the mercury cups of

Fig. 87. Roller-Smith Portable Torsion Wattmeter

the Siemens instrument, the current being led into and out of the
fine wire movable (voltage) coil through the springs s and s,. Like
the Siemens instrument, it is operated by rotating a torsion head
through the nut %, Fig. 88, until the tension of the controlling springs
s and s, balances the torque of the movable element a. The attain-
ment of a balance between the two opposing forces is indicated
when the needle % attached to the moving element registers with the
zero mark on the scale. The amount of torsion required to bring
the needle & back to zero is indicated by the scale reading of the
index pointer e, which is secured to the torsion head j.

Referring to Fig. 88, the terminals for the current (fixed) coils
¢ are shown at p, and those for the voltage (movable) coil a at pi.
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The current coils @ are clamped to and supported by a metal frame
which is built up in sections, each section being carefully screwed
and locked together, and the joints insulated to prevent the forma-
tion of eddy currents in the frame. The moving or voltage coil a is
clamped to and supported by the staff g. The lower controlling
spring sy, is fastened to an arm which is rotated by the torsion head
J by means of the rubber covered nut & projecting through the glass
top of the wattmeter. The spring s, has its outer convolution secured
to a lever which projects through the side of the case. By adjusting
this lever, correction to zero may be made. The staff ¢ is of brass
with hardened and polished pivots resting in polished sapphire bear-
ings. The improved construction of the torsion head ball bearing
shown at f requires only the slightest turning effort, and unevenness

A [
| L7 N\
o A
B T e
in manipulation is obviated. Vibrations of the movable element are
dampened by the vane which is enclosed in the nearly air-tight box b.

On the side opposite the dampening vane and just counter-
balancing its weight is the needle & which passes up through a slot
in the brass scale pan and indicates the position of the moving system
on the dial. The scales of these instruments are about 10 inches long
covering an arc of over 300 degrees, a feature which is favorable to
accuracy of reading. Another advantage of this type of wattmeter
is that the movable element is always brought back to the same
position with respect to the field produced by the fixed coils when
readings are being taken. This feature eliminates the error caused
by a varying angle between the movable and fixed coils, and is of
special importance when measuring power in circuits having different
power factors,
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A short scale shown at the top of Fig. 87 is drawn on either side
of the zero line for the needle k. It is used when measuring the power
of a fluctuating load and indicates the watts to be added or sub-
tracted from the watts shown by the index pointer e,

These torsion-type wattmeters are made for standard maximum
voltages of 150, 300, and 600 volts. For higher voltages, multipliers
(large non-inductive resistances) to be connected in series with
the voltage coil of the wattmeter are furnished. These wattmeters
are made either for one current or for two different currents. The
two-current instruments are furnished with binding posts arranged
for connecting the current coils either in series or in parallel.

A torsion-type polyphase wattmeter, also made by the Roller-
Smith Company, consists of two instrument mechanisms super-
imposed and having the two movable coils secured to a common
staff; it gives accurate readings on -two- or three-phase circuits,
whether the load is balanced or not, and is equally useful on single-
phase and on three-wire circuits,

INTEGRATING INSTRUMENTS

The watt-hour meter is an instrument for summing up (inte:
grating) the total electrical work or energy expended in a circuit
i a given time. It registers on suitable dials the energy in terms
of kilowatt hours. These meters are often referred to as “‘recording
wattmeters,”’ though incorrectly, for they are not wattmeters, nor
do they record. Commercial watt-hour meters may be divided
into two classes, according to the principle they employ: (a) elec-
trodynamometer type, (b) induction type. They are all motor
meters. Some are adapted to operate on direct current only, some
on alternating current only (the induction type), and others on
either kind of current.

Thomson Watt-Hour Meter. The Thomson watt-hour meter,
made by the General Electric Company, is a small electric motor
without iron, the field and armature coils of which constitute an
electrodynamometer. It is furnished with a small commutator and
brushes, and though it may be used on both direct- and alternating-
current circuits, it is principally used for direct-current work. IFor
alternating currents the induction type of meter is usually employed.

The field coils BB of this motor, Fig. 89, are connected in
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series with the circuit CC, in which the work to be measured is
expended. The armature .1, together with an auxiliary non-
inductive resistance R, is connected between the terminals of the
circuit CC, as shown. Current is led into the armature by means
of the brushes dd pressing on a small silver commutator e.

The stationary and movable coils are connected to the mains and
receiving circuit, that is, to theload, exactly as are the stationary and
movable coils of the indicating wattmeter; and the torque which
the stationary (field) coils exert upon the movable coil (armature) is
proportional to the watts delivered; that is, is proportional to the
rate at which energy is being delivered to the receiving circuit.

The instrument is so constructed that the speed of its armature
is proportional to the torque that drives it. Therefore, the rate of
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4
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Fig. 83. Diagrammatic View of Thomson

Watt-Hour Meter
turning of the armature is proportional to the rate at which energy
is delivered to the circuit ('C. Hence, the total number of revolu-
tions turned by the armature in a given time 1s proportional to the total
energy expended tn the circuit CC'.

To make the armature speed proportional to the driving torque,
the armature is mounted so as to be free, as nearly as possible, from
ordinary friction; and an aluminum disk f, Fig. 89, is mounted on
the armature spindle so as to rotate between the poles of permanent
steel magnets M. To drive such a disk requires a driving torque
proportional to its speed.
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Starting Coil. In the above discussion it is assumed that the
.orque which opposes the motion of the armature 4, Iig. 89, is
proportional to the speed of the armature. In fact, however, this
opposing torque may be considered as consisting of two parts: (1) the
torque required to overcome friction; and (2) the torque required to
overcome the damping action of the magnets on the aluminum disk.
The first part of the torque may be taken to be approximately con-
stant, while the second part is accurately proportional to the speed.
Therefore, an arrangement for exerting on the armature a constant
torque, sufficient to overcome friction, would largely eliminate
errors due to friction. This is accomplished in the Thomson meter
by supplementing the field coils B, Fig. 89, with an auxiliary field

U

{

Fig. 90. General View of Thomson Watt-Hour Meter

coil, called a starting coil, connected in the armature circuit. So long
as the electromotive force between the mains does not vary, the
current in the starting coil is constant and it, therefore, exerts a
constant torque upon the armature. If, however, the electromotive
force between the mains varies, the torque, due to the starting coil,
varies with the square of the electromotive force.

Ezample. A certain watt-hour meter will not run, even if started by
a slight impulse from the hand, until the delivered power reaches 37.5 watts;
that is, the running friction of the watt-hour meter is equal to the driving
torque produced by 37.5 watts of delivered power. This meter is adjusted
(by moving the damping magnets) se as to read correctly when the delivered
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power is 500 watts. What will the instrument indicate when run for four
hours with constant delivery of 200 watts of power?

Solution. Express driving torque in terms of watts of power delivered to
thereceivingcircuit, since thedriving ’
torque is proportional to the watts
delivered. Let us express speed in
terms of watt hours indicated by the
dials per hour. Now, the speed is
proportional to that part of the driv-
ing torque which is used to over-
come the retarding action of the
daniping magnets. In the problem
under consideration, the total driving
torques are 500 watts and 200 watts,
respectively; and since the running
friction absorbs 37} watts of torque,
the torques available for overcoming
the retarding action of the damping | Zme
magnets are, respectively, (500 —373) lFig. 91, Thomson Watt-Hour Meter Con-
watts and (200—373) watts. The nected to a Two-Wire Current Supply
speed in the first case is 500 watt
hours per hour. Let z be the speed (watt hours indicated per hour) in the
second case. Then

(500 —37%) : (200—371) : : 500 : x

This gives a value of 175.6 watt hours per hour for z, so that the watt hours
recorded in four hours run will be 4X175.6 watt hours per hour, or 702.4
watt hours. The actual total of watt hours delivered is of course 4 hours X200
watts, or 800 watt hours.

The effect of running friction in a watt-hour meter is to cause the in-
strument to read low for an amount -
of delivered power that is less than
the delivered power for which the
damping magnets are adjusted to
give a correct reading.

Fig. 90 shows a general view
of a Thomson watt-hour meter.
Fig. 91 shows the connections
of a Thomson watt-hour meter
to two-wire supply mains, and
hH 9 - 3 —
Iiig. 92 .sho\\s the COITIIe(thIlS to 7 o T Zwd
three-wire supply mains. Line I Load

Induction Watt=hour Meter. Fig. 92. Thomson Watt-Hour Mcter Con-

. . . nected to a Three-Wire Current Supply
The single-phase induction watt-
hour meter has many advantages over the type using commutator

and brushes, and in one form or another is very extensively used in
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measuring electrical energy. In principle and operation it is merely
a small single-phase induction motor having stationary shunt and
series windings so related and arranged with respect to the lami-
nated iron core as to produce a rotating field, which acting upon a
closed movable secondary causes it to rotate. The shunt or volt-
age winding, consisting of a large number of turns of fine wire wound
on a laminated iron core, has a high inductance and, therefore, the
current in it lags about 90 degrees behind the impressed line volt-
age. The series, or current, winding composed of but a few turns
of coarse wire, has a very low resistance and inductance and, there-
fore, the current in it will be in phase with the impressed voltage,
if the circuit in which the en rgy is being measured, is non-inductive.
Thus the field produced by the shunt winding will lag approxi-
mately 90 degrees behind that of the series winding, on a non-
inductive load. When, therefore, the alternating current in the
series coil has its maximum value, the current in the shunt coil
has its minimum value. If it were not for the iron core loss and
copper (I2R) loss in the shunt coil, the angle of lag would be exactly
90°. In commercial meters provision is made for making this
angle 90°, whatever the power factor of the circuit may be. The
strength of the rotating field flux, that is, the resultant produced
by the series and shunt coils together, assuming a lag of exactly
90°, is proportional to the product of the currents in the two coils
and, therefore, proportional to.the product of the current and the
voltage in the circuit being measured. At any power factor less
than unity, the resultant field flux is proportional to this product
multiplied by the sine of the angle of phase difference between the
two meter currents. If the current in the voltage coil is exactly
in quadrature with the voltage of the metered circuit, at any power
factor the sine of the angle of phase difference between the currents
in the meter circuits will be equal to the cosine of the angular dis-
placement between the current and voltage in the metered circuit.
Under these conditions, therefore, the strength of the shifting field
is proportional also to the power factor of the circuit. In other
words, the strength of the rotating field is proportional to the product
of the volts, amperes, and power factor and is, therefore, a measure of
the actual power.

Single-Phase. A view of a typical single-phase watt-hour
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meter of the induction type manufactured by the Westinghouse
Electric Company is shown with its cover removed in Fig. 93, and
with its case removed in Fig. 94. The shape of its electromagnetic
circuit is shewn diagrammatically in Fig. 95. That the resultant
field produced by the shunt and series coils is actually a shifting or
rotating one may be seen by a careful study of Figs. 95 and 96.
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Fig. 93. Typical Single-Phase Westinghousc Watt-Hour Meter

The dotted lines in Fig. 95 show the main paths of the magnetic
flux produced by the two field windings, but the direction of the
fluxes are constantly reversing owing to the alternations of the cur-
rent in the coils. Referring to the shunt and series pole tips by the
letters used in Fig. 95 the relation of the field fluxes at each quarter
period (cvele) may be followed with the help of Fig. 96. The signs
+ and — represent the instantaneous values of the poles indicated,
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Thus, at one instant the shunt pole tips 4, C, and 4’ are maximum
-+, —, and 4, respectively, because the instantaneous value of the
current is maximum, while the value of the series flux is zero. At
} period later the shunt current is zero, giving zero magnetic poten-
tial at the pole tips, while the series current has reached a maximum
value, giving maximum — and 4 at the pole tips B and D. At
the next 1 period the shunt current is again maximum but in a di-
rection opposite to what it was at the beginning, making the pole tips
A4, €, and A’ —, 4, and —, respectively, while the series current
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ADJUSTMENT
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Fig. 94. WestinghouselSingle-Phase Watt-Hour Meter with Case Removed

again is zero. Continuing, the other relations of 4+ and — poles
shown in Fig. 96 are obtained. It will be observed from the table
that both the 4+ and — signs move constantly in the direction
from A’ to A, indicating a shifting of the field in this direction, the
process being repeated during each cycle.

The losses in the meter coils are very low, particularly when
compared with the high torque developed. The potential coils
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have a loss of 1.4 to 1.8 watts
per phase and the series coil pro-
duces a drop of only 0.4 volt at
full load.

The moving element consists
of a thin aluminum disk which
rotates about a vertical shaft
in the air gap in which the rota-
ting magnetic flux is produced.
The disk acts like the squirrel-
cage rotor (armature) of an in-
duction motor. Currents are in-
duced in it which combine with
the rotating field to produce a ST aLerEnT |
torque proportional to the power rig 95, Diagram of Electromagnetic Gircuit
in the circuit. This torque is e Mer, e Watt-
counterbalanced by that due to
the generator action of the permanent retarding magnets in inducing
currents in the disk, so that the speed is exactly proportional to
the torque. In this meter the disk performs two distinct functions.
It serves not only as the
armature of a motor, but Csrarm %
also as the retarding or gen-

! SERIES ELEMENT

o

[~ D Ap
- 0

erator element, the disk be- 7 remiop o °
_ing rotated by the meter £ Pemin - -

field at one edge while it is
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the shunt coil, produces a

slightly lagging field. By shifting the position, or changing the
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resistance, of this loop, the lag may be so adjusted that the shunt
field flux is exactly 90 degrees behind the voltage in phase. This ad-
justment, however, makes the meter correct at or near one particular
frequency only. This type of meter should be calibrated and adjusted
at or near the frequency at which it isto be used. When such a meter
has been adjusted to read correctly at or near some particular
frequency, such as 60 cycles, it will read too low at higher frequencies,
as isshown by the lowest of the curves in Fig. 97.
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Fig. 97. Curves Showing Per Cent of Variation in Registration of Single-Phase Watt-
Hour Meter for Variation in Load, Voltage, and Frequency

The three curves of Fig. 97 show graphically the per cent of varia-
tion in registration of these meters due to any per cent of variation
in load, voltage, and frequency.

All meters of this type have some initial bearing friction which
if not compensated for would require a portion of the driving torque
of the meter to overcome it, and would result in no rotation at very
small loads, and in general the meter registration would be too low
at light loads. Compensation for initial friction especially when the
meter is running on light loads is, therefore, important and consists
in providing a constant torque adjustable to the exact value of the
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frictional torque,and one entirely independent of the load on the
meter. The compensating torque, moreover, must not be so great
as to cause the moving element to rotate or “creep” when no current
is passing in the series coil.
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Compensation for meter friction, or “light load adjustment,”is
made by slightly unbalancing the magnetic fluxes in the two limbs
of the shunt magnetic circuit. To do this a short-circuited. loop is
placed in each air gap and by moving either of the two screws shown
at (', I'ig. 93, and at C’, Fig. 98, the position of the loops may be
changed, so that one loop will enclose and choke back more of the
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]

flux than the other loop, and thus produce a slight torque in the
disk. This slight torque depends only on the voltage which is prac-
tically constant, and is entirely independent of the load current.

. Polyphase. The polyphase induction watt-hour meter is vir-
tually two independent single-phase meter elements having a common
shaft. Each meter element exerts a torque on the shaft and the
combined torque is, therefore, proportional to the sum of the elec-
trical energy in the two phases being measured, regardless of the
phase relation between the phases. These polyphase meters when
properly connected indicate the true energy in a polyphase system,
whatever the degree of unbalance between the phases may be, and
for any power factor.

Fig. 98 shows a Westinghouse “Type C” polyphase induction

watt-hour meter with covers removed. It is evident that it is prac-
tically two single-phase watt-hour meters combined to make one
instrument.
: Directions for Reading Watt-Hour Meter Dials. To read
cgrrectly. the dial of a watt-hour meter, some care is necessary. The
figures marked under or over a dial (1,000, 10,000, etc.), are the
amounts recorded by a complete revolution of the hand; therefore,
one division on a dial indicates one-tenth of the amount indicated
above or below. A complete revolution of the first hand (the one
to the extreme right) in No. 6, Fig. 99, for example, indicates
1,000, and moves the second hand one division of the second dial.
The first hand, in the position given, indicates 700—not 7,000.

In deciding on the reading of a hand, the hand before it (to
the right) must be consulted. TUnless the hand before it has reached
or passed the 0, or in other words completed a revolution, the other
has not completed the division on which it may appear to rest. For
this reason, ease and rapidity are gained by reading a meter from
right to left. For example, in No. 2, the first dial (the extreme right)
reads 900. The second apparently indicates 0; but, since the first
has not completed its revolution, but indicates only 9,the second
cannot have completed its division; hence the second dial also in-
dicates 9. The same is true of the hand of the third dial; the second,
being 9, has not quite completed its revolution; so the third has not
completed its division and, therefore, we again have 9. The same
holds true of the hand of the fourth dial. The last hand (the extreme
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left) appears to rest on 1; but since the fourth is only 9, the last
has not completed its division and, therefore, indicates (. Putting
the figures down from right to left, the total reading is 999,900,
though one might erroneously read 1,999,900, making a mistake of
1,000,000 units.

t The hands sometimes become slightly misplaced, as shown in
Nos. 8,9, and 10. In No. 8 we have on the first dial (the extreme
right) 0; we, therefore, put down three zeros thus, 000. The hand
of the second dial is misplaced; for inasmuch as the first registers 0,
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Fig. 100. Graphical Chart for Calculating Customers’ Bills

the second should rest exactly on a division; therefore, we know that
it should have reached 8, making 8,000. The remaining hands are -
correct, and make a total of 9,928,000.

In No. 9 the second hand is misplaced; for since the first in-
dicates 1, the second should have just passed a division, and, as it
is nearest to the 8, we know it should have just passed that figure.
The remaining three hands are approximately correct. The total
reading is 9,918,100. -

In No. 10 the second hand is behind its correct position. The
total indication is 9,928,300,
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By carefully following these directions one will find little diffculty
in reading a meter even if the hands become misplaced. The above
directions apply to watt-hour meters of all kinds—induction type
as well as Thomson meters.

Calculations of Customers’ Bills. The consumption of energy
in watt hours being known, the exact amount of the bill can at
once be read from a price chart,one of which is shown in Fig. 100.
Dollars and cents are read from the vertical line at the left, while
the horizontal line at the bottom of the chart indicates thousands
of watt hours. To determine the amount to be charged for, say
28,000 watt hours at 123 cents per 1,000 watt hours, follow the

Fig. 101. High Potential Testing Transformer
of the General Electric Company

vertical line marked 28 to its intersection with the diagonal line
marked 12} cents. From the intersection of these two lines, follow
the horizontal line to"the left, and find $3.50, which is the amount
of the bill for 28,000 watt hours at 121 cents per 1,000 watt hours.
In practice, of course, the price chart would be drawn to a large scale
for accuracy in reading.

Spark Gauge. The high electromotive forces used in break-
down tests are usually measured by means of the spark gauge.
This consists of an adjustable air gap, which is changed until the
electromotive force to be measured is just able to strike across
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in the form of a spark. The electromotive force is then taken from
empirical tables such as Table VII1, Part III, page 192, which are
based upon previous measurements of the electromotive force required
to strike across various widths of gap. In the spark gauge of the
General Electric Company, the spark gap is between metal points,
one of which is attached to a micrometer screw whereby the gap
space may be adjusted and measured. The striking distance in
any spark gauge varies greatly with the condition of the points.
It is, therefore, necessary to see that the points are sharp and well
polished before taking measurements.

Fig. 101 is a general view of the high-potential testing trans-
former of the General Electric Company. The spark gauge is shown
mounted on top of the instrument. While being used, the gauge is
protected by a cover. The function of this cover is to keep the ob-
server’s fingers from the dangerous high-voltage points of the gauge;
and the cover, moreover, acts as a switch which automatically dis-
connects the gauge from the high-voltage terminals of the trans-
former when the cover is removed,
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ALTERNATING-CURRENT
MACHINERY

PART II
ALTERNATORS

Fundamental Equation of Alternator. The equation express-
ing the effective electromotive force of an alternator in terms of
the useful magnetic flux per pole, the number of poles, the number of
armature conductors, and the speed of the armature, is called, from
its importance in calculations in designing, the fundamental equation
of the alternator. 'This equation is
_KponZ
T e
in which I is the effective electromotive force of the alternator;
K is what we shall call the electromotive force factor of the machine
and its value depends upon the ratio of breadth of pole face to pole
pitch, and upon the distribution of windings upon the armature core;

p is the number of poles of the field
magnet; & is the useful magnetic flux

N . S per pole, thatis, the number of lines of

magnetic flux that cross tne gap from
one pole into the armature; n is the
speed of the armature in revolutions per
Fig. 102. Co‘ggiﬂgjf;ed or Uni-coil  gecond;and Z1is the total number of con-
ductors on the surface of the armature.

We shall discuss this equation for the simplest case first, that is,
when the armature conductors are concentrated in one slot per pole.
This type of winding is called a concentrated, or uni-coil, winding,
illustrated in part in Fig. 102,

A given conductor cuts pd lines of force in passing all of the
poles in one revolution, and since the armature makes n revolutions
per second, the given conductor cuts npd lines of force per second.
Now, by definition, the cutting of one line of force per second induces

E olts (29)

Copyright, 1911, by American School of Correspondence.
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in a conductor one c.g.s. (centimeter-gram-second) uni¢ of electro-
motive force. Therefore, there is an average of npd c.g.s. units
of electromotive force induced in one armature conductor; but
since there are Z armature conductors in series between the col-
lector rings, the average electromotive force between collector rings is
Znp® c.g.s. units, or Z—@ volts.
108
The factor by which the average electromotive force must be
multiplied to give the effective electromotive force is called the
form factor of the electromotive force curve of the alternator. Thére-
fore, if K is this form factor, we have
effective E= AZL??VOMS

o

Since?= T,or Z=2T and since pn=2f, this equation may be written

so as to give the electromotive force (effective) of the alternator in
terms of the number of turns 7' of wire on the armature, and of the
frequency f, as follows:

E= 4—1%1 volts 30)
For example, an alternator has 200 turns of wire on its arm-
ature and 1,000,000 lines of magnetic flux from each field pole.
It is run to give a frequency of 125 cycles per second. The value
of the factor K is 1.11, assuming a sine-wave electromotive force
curve and concentrated winding. The effective electromotive force
of this alternator, therefore, is

43X 1.11 X 108 X 125 X 200
108

Electromotive Force Factor K in Equation (29). When the
magnetic flux in the air gap is distributed in the ideal way explained
below and represented in Fig. 103, the factor K is called the phase
constant of the winding.

When the winding is concentrated, the factor K is called the
form factor of the electromotive force curve. This factor K depends
in general upon the manner in which the magnetic flux is distributed

=1,110 volts
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in the air gap, and upon the manner in which the armature windings
are distributed around the armature.

Case 1. When a harmonic electromotive force is induced in each
turn of the armature winding. This is the case—never fully realized

Fig. 103, TIdeal Distribution of Fig. 104. Armature Winding Diagram,
Magnetic Flux Four Slots per Pole

in practice—when the magnetic flux-density—that is, the field
intensity in the gap space between the pole faces and the iron of the
armature core— is zero at the points a, Fig. 103, and when this field
intensity increases to a maximum at ¢ and at ¢’ in such a manner
that the field intensity at any point b is
proportional to the sine of the angle 3.

Consider an armature rotating in a
magnetic field distributed in the ideal way
above specified. Suppose the winding to
be arranged in slots spaced as shown in

Fig. 104, four slots per pole. Fig. 105 f/{_gf\s aﬁ} .
« 97
N

shows one group a b e d of these slots
drawn to a larger scale. Two wires on
the armature, at a distance apart equal
to the distance between adjacent north
poles, and subtending the angle ¢, Fig.
105, have induced in them two electro-
motive forces. These electromotive forces  Fig. 103, Enlasged Section
are to be thought of as differing in phase o

by 360°, because of the fact that the electromotive force in a given con-
ductor passes through a complete cycle while the eonductor moves from
the center of a given north pole to the center of the next north pole.
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Therefore, the phase difference of the electromotive forces induced
in the wires placed in slot ¢, and those induced in the wires placed in

.S 5 g .
slot b, is — X 360; or, in other words, this angle is:
q

width of tooth 4+ width of slot

: . . e —— X 360
circumference of armature ~ number of pairs of poles

The lines 4 and B in the clock diagram, Iig. 106, represent in
magnitude and phase the electromotive forces induced in the wires
in slots ¢ and b, respectively,
Fig. 104.  Similarly, the lines '
and D in Fig. 106 represent the
electromotive forces induced in
the wires in slots ¢ and d, re-

_ spectively, Fig. 104. If, now, the

_sx3so°
q windings in the slots a, b, ¢, anc
Fig. 106. ClockDiaggamof_InducedE. M.T.’s 1 g S S . [ H,' l
for Fig. 105 d, Fig. 104, are as In practice

connected in series, the total electromotive force produced by all
the windings will be represented by the line E in Iig. 106. The
line E is the closing side of the polvgon of which the sides A, B/, (7,
and D’ are drawn respectively, parallel and equal to the electromotive
force lines A, B, ', and D. The value of K, which, in the case of
the ideally distributed field flux here considered, is called the phase

constant of the winding, is equal to the ratio i that 1s, the value

of K is equal to the ratio of the length of the line I to four times the
length of one of the lines A, B, (', or D.

Case 2. When a harmonic electromotive force is not induced in
each turn of the armaiure winding. We shall discuss, (a) the case of
a concentrated winding in which case K is simply the form factor of
the electromotive force wave; and (b) the case of a distributed
winding.

(a) Ifig. 107 shows a developed view of a four-pole alternator
having four armature conductors a, b, ¢, and d, represcnted by the
symbols ® and @ depending upon whether the induced electro-
motive forces are directed fowards or away from the reader, respect-
ively. Of course, these four conductors are connected in series be-
tween the collecting rings (not shown in the figure) and in tracing
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the circuit from one collecting ring to the other, one would pass down
along conductor «, then across to conductor b, up b, then across to
conductor ¢, down ¢, then across to conductor d, up d, and then to the
other collecting ring. \

Let time be reckoned from the instant when conductor « is in
the position shown; and let time be plotted as abscissas, and suc-
cessive values of the induced electromotive force as ordinates, in
the diagram .15, Fig. 107, Suppose that the intensity of the magnetic
fleld in the gap space between pole faces and armature core is uni-
form, and that it terminates sharply at the pole tips, that is, that there
is no spreading of the lines of force such as is shown in Fig. 103;
as a matter of fact, however, the field always does spread. The arm-
ature conductors move with uniform velocity to the right, and the
ratio of breadth of pole face, 6 inches, to pole pitch, 10 inches, is .6.

Then, during each cycle the duration of which is 20 units of
time, the successive instantaneous values of the induced electromo-
tive force are: constant, positive, and equal to E for 6 units of time;

6:: 4:!
N S [Z}

a 67 Arsnarre core 19T
6units 6 urifs motror?
r/rme me

A o Ax/s of tirme B,
|

I o

|_'i7’9./( E‘)".C_/.e4 6units 6 yrirs

Qunis tirme)| /irme rrme

Fig. 107. Development and E. M. F. Curve for a Four-Pole Alternator

zero for 4 units of time; constant, negative, and equal to E for 6
units of time; and again zero for 4 units of time.  The average value
of the electromotive force during the first half cycle is, therefore,
equal to

(EX6)+O0X4)

.0 F volts
10

The squares of the successive instantaneous values of the in-
duced electromotive force are: constant, positive, and equal to F?
for 6 units of time; zero for 4 units of time; and so on. The azerage
value of the squares of the successive instantaneous values of the
induced electromotive force during half a cycle is, therefore, equal to
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(E2X 6)+ (02X 4D
10

volts?2 = .6 E? volts?

or
effective value of induced electromotive force=1".6 X E volts

The value of K (form factor), in this particular case of a con-
centrated winding, is

14

effective value 17.6 £
=22 =199

average value S E

The value of K for a concentrated winding may be calculated, as
in the above example, for any breadth of pole face.
(b) The value of K,in the case of a distribufed winding, is cal-

/ 77 . -
E E N ]c dE $7 J " g
T 3 1
ey Zale 55— 8"
8units 12 unitstime Burmr
/:_I Home | Frme. —— I

- Zunits ‘|<—

12unis /)
puals tine 8units
w lime D I

8

l— -
D

] I I

s
s
’§7wr/m| ¥ |7m//s-§ I l
[ one half cycle I-—l

20 uriifS lime |

Fig. 108, Development and E. M. F. Curve of Four-Pole Alternator with Two
Conductors for Each Field Pole

(¢}

/7

{

culated as follows, assuming, for the sake of clearness, a ratio of
. 12
pole breadth to pole pitch of 50 = 0.6.

Fig. 108 shows a four-pole alternator with two armature con-
ductors @ and b for each field pole. (Only two of these conductors
are shown in the figure.) The curve of the electromotive force
induced in all the a conductors is shown by the rectangular waves
AB. This electromotive force has a constant, positive value E

114



ALTERNATING-CURRENT MACHINERY 103

for 12 units of time; then a zero value for § units of time; then a
constant, negative value If for 12 units of time; and so on.

The curve of the electromotive force induced in all the b con-
ductors is shown by the rectangular waves CD. This electromo-
tive force rises from zero to the full value F at the instant when
the conductors b are in the position of @, as shown in the figure;
that is, the electromotive force induced in conductors b rises from
zero to its full value E, 7 units of time before the corresponding
rise of the electromotive force occurs in conductors a.

The total electromotive force curve EF is found by adding
corresponding ordinates of the curves AB and CD. A careful
inspection and comparison of 4B and CD shows that the total
electromotive force of the alternator is zero for 1 unit of time, equal
to E for 7 units of time, equal to 2E for 5 units of time, and equal
to E for 7 units of time, during each half cycle of 20 units of time.
Therefore, the average value of the electromotive force EF during
half a cycle is

OX )+ (EXT)+@QEXB)+(EXT) 24

Referring to the curve EF, Fig. 108, it is evident that the
squares of the successive instantaneous values of the total electro-
motive force of the machine are as follows: 0? for one unit of time,
E? for seven units of time, (2E)? for five units of time, and E? for
seven units of time, during each half cycle of twenty units of time.
Therefore, the average value of the squares of the electromotive
force IF during half a cycle, is

(X 1)+ (E2X )+ GE*X5) + (B2 X 7) _ 34

2
20 20 o

and the effective value of the electromotive force EF is
34
(3% B 130
\ 39 X E=1.304

The value of K for the special case under consideration, as shown
in Fig. 108, is the ratio

effective electromotive force  1.304 08T
= = ReleY]

average electromotive force 1.2
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which is simply the form factor of the electromotive force curve
of the alternator. The form factor of a sine wave electromotive
force has already been shown to be 1.11.

Note.—The factor A is the same thing as form factor whenever the
distance ab, Fig. 108, between the remotest conductors of a group of con-
ductors is less than the distance e¢d beiween the pole tips, on the assumption
that the magnetic lines of force do not spread into the spaces hetween the
pole tips.

Armature Reaction. The current that circulates in an alter-
nator armature has magnetizing action; and the actual useful flux
® per pole i1s due to the combined magnetizing action of the field
coils and of the armature coils. This magnetizing action of the
armature current with respect to its effect upon the useful
flux @, is called armature reaction. In case the current in the arma-
ture lags behind the electromotive force—when, for example, the
outside receiving ecircuit has inductance, as when the alternator
supplies current to induction motors—
the effect of armature reaction is to
reduce the useful flux @ from each pole:
In case the current in the armature is
ahead of the electromotive force in phase
(a condition that obtains when the alter-
nator supplies current to an over-excited
syvnchronous motor or to any receiving
apparatus over a long transmission line,
or, in general, when the receiving appa-
ratus acts like a condenser), the effect

Fig. 1094" Pnrtipn of Armature | ) . !
and Field Coil for Single- of armature reaction is to increase the

Phase Alternator

useful flux & from each pole.

To state the matter in another way, it may be said that the effect
of a lagging armature current is to oppose the magnetizing action of
the field coils. On the other hand, the effect of a leading current
in the armature is to help the magnetizing action of the field coils.

In an alternator the invisible variations in phase difference
between the armature current and the electromotive force, due to
the varying character of the receiving apparatus, correspond, in
their influence on armature reaction, to the visible variations in the
position of the brushes of a direct-current generator,
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Fig. 109 represents a single-phase alternator of the revolving
armature type running in the direction indicated by the curved
arrow. The electromotive force induced in the armature coil .1
is zero at the instant when the armature is in the position shown; and
if the armature current is in phase with the induced electromotive
force, the current also will be zero at this instant.

In considering armature reaction we shall discuss three cases,
as follows:

1. Armature current in phase with the electromotive force

2. Armature current lagging behind the electromotive force.

3. Armature current leading the electromotive force.

Case 1. As the armature tooth A, Fig. 109, passes by the
field pole N, the current in the armature coil on A is reversed in
direction. If the current is in phase with the electromotive force
induced in the armature, this reversal of direction of current occurs
at the instant when the tooth A is squarely under N. In this
case the armature current flowing in coil . just previous to the
reversal, that is, when the tooth A is approaching N, opposes by
its magnetizing action the flux from N; and after reversal the cur-
rent in the coil .1 felps the flux from N. Therefore, the former
or demagnetizing action of coil . is balanced by the subsequent
magnetizing action; and the only effect of the armature current
in .l is to weaken the one side of the pole N, and to strengthen to
an equal extent the other side, thus leaving the useful flux ¢ un-
changed.

(Case 2. When the current lags behind the electromotive
force, the reversal of current in the coil A occurs at a later instant
than in Case 1, that is, when the coil .1 has passed beyond the
center of the pole N. Hence, the demagnetizing action of the cur-
rent in coil .1 before reversal lasts for a longer time than the mag-
netizing action of the current in coil .1 after reversal, and the de-
magnetizing action exceeds the magnetizing action. Therefore,
the resultant effect of the armature reaction is to decrease the use-
ful flux & from the pole N,

Case 3. When'the current is in advance of the electromotive
force in phase, the reversal of current in the coil .4 occurs at an
instant earlier than in Case 1, that is, before the coil .4 has reached
the center of the pole N. Ilence, the demagnetizing action of the
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current in coil A before reversal lasts for a shorter time than the
magnetizing action of the current in coil A after reversal, and the
magnetizing action exceeds the demagnetizing action. Therefore,
the resultant effect of the armature reaction is to increase the use-
ful flux ¢ from the pole N.

Armature Inductance. The value of the inductance of an
alternator armature varies with the position of the armature coils
with respect to the field-magnet poles, so that the inductance
of an armature increases and decreases at a frequency twice* as
great as the frequency of the electromotive force of the alternator.
It is helpful to remember that inductance is proportional to the
product of the magnetic flux into the number of turns threaded by
this flux, divided by the amperes passing through the turns. The
armature of the alternator shown in Fig. 1, page 2, for example,
has about three or four times as much inductance when the arma-
ture teeth are squarely under the field poles as it has when the ar-
mature teeth are midway between field poles. That is, the mag-
netic flux produced through the armature teeth by a given current
is three or four times as great in the first case as in the second case.
This fluctuation of armature inductance makes it very difficult
to predetermine the electromotive force and, in general, the be-
havior of a machine. In the following discussion the armature
inductance is assumed to be constant.

The inductance of an alternator armature is proportional to
the linear dimensions of the armature, other things being equal;
and the inductance of an armature of given size and given total
number of turns is much greater when the winding is concentrated
than it is when the winding is distributed.

A moderate amount of armature inductance is advantageous
in alternators which are to be run in parallel; and in case of a short-
circuit, the armature inductance keeps the current from becoming
excessive. On the other hand, armature inductance 1s more or less ob-
jectionable in an alternator which is to be used to supply current at
constant electromotive force, on account of the electromotive force
that is lost in the armature. .

. *The electromotive force of an alternator passes through a cycle when an armature
coil passes from a north pole of the field to the next north pole. The inductance passes
through a cycle of values when an armature coil passes from one field pole to the next field
pole.

118




ALTERNATING-CURRENT MACHINERY 107

The inductance of an armature is best determined by sending
through it when at rest, from an outside source, a measured alter-
nating current I, and measuring the electromotive force E (volts
drop) between the collecting rings. Then

E=N"R+ 12

or, solving for L, we have

T
L=—VE—(IR: (31)
](/)

]
Knowing the armature resistance and the frequency So» We can

e

find L from equation (31). The value of L thus calculated depends
greatly upon the position in which the armature is held, as explained
above, and also upon the degree of field excitation.

FFor example, the armature of a certain single-phase alternator
has a resistance of 0.2 ohm measured between collector rings. An
electromotive force of 100 volts at a frequency of 125 cveles per
second (w="785 radians per second) applied to the collecting rings
of the armature at rest, produces an effective current of 100 am-
peres. Therefore, the inductance of the armature, as calculated by
use of equation (31), is

1

IS s \/mz — 90 =0.00125 henry
Electromotive Force Lost in Armature Drop. The electro-
motive force between the collecting rings of an alternator with
given load, is less than the electromotive force between rings at
zero load, with given field excitation, because of two electromo-
tive force losses that occur, and because of the effect of armature

reaction.

(a) The loss of electromotive force, or the drop, is due, in the first
place, to the resistance of the armature. This loss is equal to IR, it is in
phase with I; and it is precisely analogous to the electromotive force lost
m a direct-current armature due to the resistance of the armature. This
IR drop is of relatively small value and importance.

(b) The loss of electromotive force, or the drop, is due, secondly, to
the inductance of the armature. This loss is equal to wLI, and it is 90 degrees
ahead of I in phase.
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(¢) The demagnetizing action of the armature current on the field
lessens the useful flux, and thus indirectly causes a falling-off in the induced
electromotive force. )

The result of the actions (b) and (c) above is to cause a loss of
electromotive force in the armature of the same character in each
case in so far as phase relations with current are concerned. There-
fore, it is convenient to attribute the total effect of (b) and () to
a fictitious armature inductance L', which is, of course, larger in
value than the armature inductance L in equation (31). The
inductance reactance wlL’ corresponding to this equivalent induct-
ance L', is called the synchronous reactance of the armature.

Alternator Regulation. Given an alternator, having constant
field excitation. It has a certain electromotive force between col-
lecting rings when its current output is zero. As the current out-
put increases, the electromotive force between collector rings gen-
erally decreases, because of the actions already described; and,
conversely, as the current output decreases, the terminal electro-
motive force rises. The increase of electromotive force from full
load to zero load, with constant full-load field excitation and con-
stant speed of driving, expressed as a percentage of the full-load
terminal electromotive force, is called regulation of the alternator.

For example, a certain alternator gives 1,100 volts between its
collector rings at full-load current and full-load field excitation.
When the current output is decreased to zero by opening the main
switch, leaving the field excitation and speed unchanged, the ter-
minal electromotive force rises to 1,166 volts. The regulation is,
therefore,

1,166 — 1,100
1,100

The regulation of a given alternator varies greatly with the
character of the receiving circuit to which it delivers current.
When the receiving circuit has large inductance reactance (as in
the case of under-loaded transformers and induction motors), the
terminal electromotive force, under increasing load, falls off very
much more than when the receiving circuit is non-inductive (as,
for example, when the receiving circuit consists of incandescent
lamps supplied through fully loaded transformers). In other
words, the regulation of an alternator is larger (. e., poorer) for in-

X 100 = 6 per cent
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ductive receiving circuits than for non-inductive receiving circuits.
If the receiving circuit has large capacity reactance (as, for example,
when the receiving cirenit consists of over-excited synchronous
motors), the terminal electromotive force of the alternator will rise
with an _increase of the current output; and the regulation of the
alternator will be negative. In practice, the receiving circuit never
as a whole has capacity reactance.

For example, a given alternator having a regulation of 8 per
cent on a non-inductive receiving circuit (unity power factor), has
a regulation of about 21 per cent on an inductive receiving circuit
having a power factor of 0.9 and a regulation of about 26 per cent
at a power factor of 0.8 (lagging).

Field Excitation. In most alternating-current systems the
voltage at the points from which current is distributed is kept con-
stant or approximately constant. This requires that the voltage
at the terminals of the alternator be somewhat increased as the
amount of current (or load) is increased, the amount of the increase
in electromotive -force depending on the volts lost in the line. If
the field excitation of an alternator be kept constant while the
current taken from the armature is increased, the voltage at the
terminals will decrease, just as in the case of a direct-current shunt
generator. Hence, in order to keep the voltage at the terminals
constant, or to cause a rise of voltage with increasing current output,
it becomes necessary to increase the field excitation with increasing
current output.

There are in general three methods in use for accomplishing
this voltage control.

(1) By varying the field excitation with the load.

(a) Through control of the ficld-exciting current of the alter-
nator by a rheostat operated either by hand or automatically from
the alternator.

(b) Through control of the exciter itself by the main current
from the alternator.with or without a rheostat. This is accomplished
in one of the three following ways: first, compounding the exciter
with rectified current supplied to its field circuit: second, by sup-
plying the armature circuit of the exciter with alternating current
from the alternator (compensated field method); and third, by an
external regulator for varying the exciter field current by rapidly
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short-circuiting its field rheostat, the duration of the periods of
short-circuit depending on the terminal voltage of the alternator
(Tirrill regulator).

(2) By interaction between the fields of the alternator and
its exciter. This is Heyland’s method which is used abroad but
not in this country. Use is made of the stray flux from the alter-
nator field which is arranged to strengthen the field of the exciter
and thus obtain a compounding effect. The reaction on the field
of the exciter is proportional to the armature reaction of the alter-
nator and the terminal voltage of the exciter follows closely the
variations in the load on the alternator.

(3) By utilizing the magnetic flux due to the armature cur-
rent so that the armature reaction of the alternator increases the
total flux per pole,and thus
increases the voltage of the
alternator as the load in-
creases. The exciting field
current itself is not varied.
This is Walker’s method and
it has been used by the Brit-
ish Westinghouse Company.

Of the above methods
the first includes practically
all that are used at present
Fig. 110. DiagramEle(l:(i)tv;ixixgnI\erthod of Separate in thiS COUIItI‘y. The tend-
: ency is to abandon the
attempts to design alternators to be inherently self-regulating and
to avoid as far as possible all special devices internal to the alterna-
tor and its exciter for securing automatic voltage control, and to
adopt instead an automatic regulator external to the alternator.

Under method (1) will be described the three commonest ways
of voltage control employed at present, namely, separate excitation;
composite excitation, and the automatic regulator, external to the
alternator.

Case 1. "Separate excitation. The simplest method is that illus-
trated by the diagram, Fig. 110, in which 4 represents the armature
winding, the terminals of which 7'y and T'» are connected to the collector
rings, which in turn are connected to the line wires through the brushes.
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The field of the alternator is excited by a set of coils on the
pole pieces. These coils are represented by F; and current is sup-
plied to these coils from a small direct-current dynamo E, called
the exciter. This exciter is a small direct-current shunt-wound or
compound-wound dynamo furnished with an adjustable rheostat r
in series with its field f. An adjustable rheostat R is placed in the
alternator field circuit also. When the electromotive force of the
alternator decreases, its field may be strengthened by cutting out
resistance in either R or r, or in both.

Regulation by r alone is generally used in large machines,
since the exciter’s field current is relatively small, while the alter-
nator field current is usually
large and hence would cause a
large I* R loss if passed through
a rheostat. Separate excitation
is still used in some of the older
electric lighting stations.

Case 2. Composite eacita-
tion. The electromotive force of
an alternator excited as in Case
1 falls off greatly with increasing
current output; and to counteract
this tendency automatically, an
auxiliary field excitation is some-
times provided, which increases
with the current output of the
machine. For this purpose the
whole or a portion of the current  Fie. 111. . Diagram Showine Method of
given out by the machine is recti-
fied,* and sent through the auxiliary field coils. This arrangement
is shown in Fig. 111.

The field winding of the alternator has two sets of coils F and
C. The coils F are separately excited as in Case 1. The coils C,
known as the “series” or “composite coils,” are excited by the

_main current from the alternator. One terminal of the armature
winding is connected directly to a collecting ring. The other arma-
ture terminal connects to one set of alternate bars of the rectifying

*Connections to field coils are reversed with every reversal of main current, so that,
in the field coils, the current is uni-directional.
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commutator . From the rectifier the current is led through the
winding (', thence back to the rectifier, and thence to the other
collecting ring.- The shunt S, within the commutator, may be
used when it is desired to rectify only a part of the current. There
is also a shunt S’ which may be used to regulate the amount of
current flowing through the coil (.

The alternating-current rectifier is an arrangement for revers-
ing the connections of the field circuit with each reversal of the
current from the alternator, so that the current may flow always
in the same direction in the field circuit. The rectifier is a commu-
tator mounted on the armature shaft. This commutator has as
many bars as there are poles on

the field magnet of the alternator.
These bars are wide, and are
separated by quite narrow spaces
filled with mica insulation. Let
these bars be numbered in order
around the commutator. The
even-numbered bars are connect-
ed together, and the odd-number-
ed bars are connected together.
The connecting wire leading from
one terminal of the alternator
armature to one of the collector
rings is cut; and the two ends thus
formed are connected, one tothe
iy Nk, Wity Fliohor Compsiier even-numbered bars (shown in
full black in Fig. 111) of the rec-
tifying commutator, and the other to the odd-numbered bars (shown
white in Fig. 111). The field circuit that is to receive the rectified
current is connected to two brushes which rub on the rectifying
commutator, these brushes being so spaced that one touches an
odd-numbered bar when the other touches an even-numbered bar.
The brushes are carried in a rocker arm, which is moved forwards
or backwards until the brushes are passing from one bar to the
next at the instant that the alternating current from the alternator
is passing through the value zero. The proper adjustment of the
brushes is indicated by a minimum of sparking.
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Fig. 112 shows an alternator A4 with two sets of field coils #
and C as before. One armature terminal is connected to a collect-
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Fig. 113, Two-Phase Alternator Diagram with Composite Field
Excitation with Balanced Receiving Circuits

ing ring; and the other armature terminal connects to the primary
of a transformer T, and thence to the other collecting ring. The
terminals of the secondary coil of T connect to the bars of the recti-
fying commutator B, from which the composite field winding C is
supplied. The transformer 7T is usually placed inside the armature.

Auvriliary Field

2000k
2000k
Cormmutator ~
f2000~
Series 7rarnsformer
Armature
Co/lecr]

—r— Rings

A BC

Fig. 114. Three-Phase Alternator Diagram with Composite
Field Excitation with Balanced Receiving Circuits

Composite field excitation is, however, not satisfactory in case
of polyphase alternators, unless the receiving circuits supplied from the
alternators are approximately balanced. Unbalancing of the receiv-
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ing circuits changes the electromotive forces generated in the dif-
ferent phase windings of the armature, by different amounts; and
composite excitation, applied to the magnetic field as a whole,
cannot, properly, correct the different electromotive force variations
of the several phases.

In cases where the receiver circuits are approximately balanced,
the current for the composite field excitation is taken through a
rectifying commutator from the secondary coil of a series (or current)
transformer which has two or three distinct primary coils, one for
each phase. This arrangement applied to a two-phase alternator
is shown in Fig. 113, and applied to a three-phase alternator in
Fig. 114. The effect of the several primary coils on the series trans-
former is to balance up the slight differences of the several poly-
phase currents, in so far as their action upon the composite excita-
tion is concerned. This method has been used by the Westinghouse
Company in the case of alternators of small capacity.

Case 3. Automatic regulator. There are on the market a
number of automatic devices which are designed to change the field
strength of a generator in accordance with a change in generator
voltage. The most successful of these devices is the Tirrill regulator
manufactured by the General Electric Company. This regulator
differs from other types of regulators in that it does not make use
of the principle of switching resistances in and out ofthe field circuit
by the step-by-step method. The Tirrill regulator controls the gen-
erator voltage by rapidly opening and closing a shunt circuit con-
nected across the exciter field rheostat, the duration of such periods
of short-circuit being varied automatically. The field rheostat is
first turned in until the exciter voltage is much reduced and the regu-
lator circuit is then closed. This short-circuits the rheostat through
contacts in the regulator, causing the voltage of the exciter and the
generator to immediately increase. At a predetermined point the
regulator contacts are automatically opened which causes the field
current of the exciter to again pass through the rheostat. The
resulting decrease in voltage is quickly checked by another closing
of the regulator contacts, which continue to vibrate to and fro
thus keeping the generator voltage within the desired limits.

Fig. 115 is a front view of a Tirrill regulator ‘“form A2” designed
for alternators having exciters of small capacities. Fig. 116 is a rear
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view of the regulator showing the resistance box and iron brackets

for mounting it at the end of the
switchboard if desired, although it is
recommended that it be mounted di-
rectly on the switchboard. A diagram
of the electrical connections for a Tirrill
regulator with an alternator and its
exciter is shown in Fig. 117.

The regulator has a direct-current
control magnet, an alternating-current
control magnet, and a relay. The
direct-current control magnet is con-
nected to the exciter bus bars. This
magnet has a fixed stop-core in the
bottom and a movable core in the top
which is attached to a pivoted lever
having at the opposite end a flexible

Fig. 115. Front View of Tirrill
Regulator

contact pulled downward by four spiral springs. TFor clear-
ness, however, only one spring is shown in the diagram. Opposite
the direct-current control magnet is the alternating-current control

magnet which has a potential
winding connected by means of a
potential transformer to the al-
ternating-current generator or
bus bars. There is an adjustable
compensating winding on the
alternating-current magnet con-
nected through a current trans-
former to the principal lighting
feeder. The object of this wind-
ing is to raise the voltage of the al-
ternating-current bus bars as the
load increases. The alternating-
current control magnet has a
movable core and alever and con-

tacts similar to those of the direct- Fig. 116. Back View of Tirrill

current control magnet, and the

Regulator

two combined produce what is known as the “floating main contacts.”
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The relay consists of a U-shaped magnet core having a differ-
ential winding and a pivoted armature controlling the contacts
which open and close the shunt circuit across the exciter field rheostat.
One of the differential windings of the relay is permanently con-
nected across the exciter bus bars and tends to keep the contacts
open. The other winding is connected to the exciter bus bars through
the floating main contacts and when the latter are closed neutralizes
the effect of the first winding and allows the relay contacts to short-
circuit the exciter field rheostat. Condensers are connected across
the~relay contacts to prevent severe arcing and possible injury.

The cycle of operation is as follows: The circuit shunting the
exciter field rheostat through the relay contacts is opened by means
of a single-pole switch at the bottom of the regulator panel and the

CURRENT™
NAIN CONTACTS COMPENSATING — TRANSFORMER
FroT =) lanziacs
‘¢ comrroL QE,";’,;’,’;‘?’
MAGNET —
. CONOENSER
RELAY.
SPRIYG 14— \CONTACTS
| SRS,
RELAY POTENTIAL - ’
MacHET 4 TRANSFORMER
KITER FIELD|
EXTERNAL UL
RESSTamce
EXC/?ER@é Q_E

AC FIELY - 4C GENERATOR
RHEOSTAT e

Fig. 117. Diagram of Electrical Connections for Tirrill Regulator

rheostat turned in until the alternating-current voltage is reduced
(5 per cent below normal, which so weakens both of the control
magnets that the floating main contacts are closed. This closes the
relay circuit and demagunetizes the relay magnet, releasing the
relay armature, and the spring closes the relay contacts. The single-
pole switch is then closed and as the exciter field rheostat is short-
circuited, the exciter voltage will at once rise and bring up the voltage
of the alternator. This will strengthen the alternating-current and
direct-current control magnets, and at the voltage for which the
counterweight has been previously adjusted, the main contacts will
“open. The relay magnet will then attract its armature and by
opening the shunt eircuit at the relay contacts will throw the full
resistance into the exciter field circuit tending to lower the exciter
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and the alternator voltage. The main contacts will then be again
closed, the exciter field rheostat short-circuited through the relay
contacts, and the cycle repeated. This operation is continued at a
high rate of vibration due to the sensitiveness of the control magnets
and maintains not a constant but a steady exciter voltage.

One of the advantages of this regulator is that in controlling
the voltage of the alternator by operating entirely on the field cir-
cuit of the exciter, the heating losses are far smaller and the efficiency
correspondingly higher than is the case with those regulators which
operate directly on the alternator field.

Another advantage is that several alternators may be operated
in parallel using but one regulator, if all use the same exciter. On
the other hand if, as is more usual, several exciters are used in
parallel, one regulator and an equalizer rheostat for each additional
exciter are necessary.

If two or more exciters, not operating in parallel, are used, a
separate regulator must be installed for each exciter. The Tirrill
“form I regulator is made for large installations, and is furnished
with several relays varying from two to twelve, according to the .
size, the capacity, and the characteristics of the exciters used. While
these “form I’ regulators differ more or less in detail according
to special conditions, the main features of operation are the same as
in the “form A2” regulator.

The standard voltage for exciters is 125 volts, and in some
cases as high as 250 volts. Tirrill regulators are designed for a range
of from 70 to 140 volts in the first case, and for a range of from 140
to 280 volts in the second case.

With the growing use of these automatic regulators external
to the alternator, it has been found desirable by manufacturers
to minimize their efforts to design alternators of low inherent regula-
tion, especially in the case of turbo-alternators and machines of
large rated output. A low inherent regulation is today considered
an expensive and unnecessary luxury, for by some sacrifice in this
quality a relatively large gain in rated capacity becomes possible,
and in many cases a higher efficiency.

The advent of the automatic regulator has thus enabled de-
signers to effect considerable improvement in alternators by relieving
them of the troublesome question of low inherent regulation, and
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permitting them to give greater weight than ever to the important
matters of increasing output and efficiency.

POLYPHASE ALTERNATORS AND SYSTEMS
SINGLE-PHASE SYSTEM

r

Limitations. As long as alternating current was generated,
transmitted, and used for electric lighting only, the single-phase
system gave complete satisfaction, simplicity in the generating,
transmitting, and receiving apparatus being its most striking and
valuable feature.

In the earlier days of the electric lighting industry, there was
very little, if any, demand for current to operate motors for power
purposes. Since that time, however, there has developed an ever-
increasing demand for current for power purposes, fully equaling, if
not exceeding, that for lighting work. With the advent of this new
condition, the great obstacle to the use of the single-phase alternat-
ing-current system became manifest.  Single-phase constant-speed
motors are difficult to make self-starting® under load, especially in
units of large size; and hence the use of the single-phase system for
general power purposes, with the apparatus now available, is not
practicable.

It was in 1888, in Italy, that Ferarris discovered the important
principle of the production of a rotating magnetic field by means
of two or more alternating currents displaced in phase from one
another, and he thus made possible, by means of the induction motor,
the use of polyphase currents for power purposes. The most tmportant
advantage of polyphase alternating currents over the stmple single-phase
system s that alternating-current motors can be satisfactorily operated
by them. It was mainly the requirements of the induction motor
that led to the development of the polyphase system, -

TWO-PHASE SYSTEM

Two-Phase Alternator. The simplest form of polyphase gen-
erator consists of two similar and independent single-phase armatures
mounted rigidly on one and the same shaft, one beside the other,
in such a manner that the electromotive forces at the terminals of

. *This statement does not include the single-phase series commutator motor which is
especially adapted to railway motors.
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the respective armatures arrive at their maximum values 90 degrees,
or one-fourth of a period, apart. The currents from such a machine
are said to have a two-phase relationship. The two separate armatures
are supposed to revolve inside the same crown of field magnet poles.

Fig. 118 shows an end view of such an arrangement, but arma-
ture B is here shown inside of armature A for the sake of clearness.
As will be seen in the figure, armatures 4 and B are so mounted on
the shaft that the slots of A are midway under the poles N, S when
the slots of B are midway between the same poles. With this arrange-
ment, the electromotive force generated in the armature coils of
A and B are so related in their variations that the electromotive
force of .4 is at its maximum when the electromotive force of B
is zero. Or in other words, the two electromotive forces are 90
degrees apart in phase, or are in

quadrature (at right-angles) to each \» @/
other. A
A careful study of Fig. 118
will show that the electromotive @ 8 @
forces induced in armatures 4 and @
B are 90 degrees apart in phase.

Thus the figure shows the arma- @ B8 @

ture A4 in the position in which its

windings (in the slots) are cutting 2

lines of magnetic flux from the @ 6\

field poles at a maximum rate, while Fig. 118, Diagratn g; g S
the armature B is shown in the

position in which its windings are midway between the field poles
where they do not cut any magnetic flux at all. Therefore, the electro-
motive force in the windings of the armature A4 is at its maximum
value, while the electromotive force in the windings of armature B
is zero at the same instant. That these electromotive forces generated
in the windings of A and B differ in phase by 90 degrees, may also
he shown as follows: The electromotive force generated by a con-
ductor on armature A4 passes through a complete cycle of changes as
it moves fromn the center of one north pole to the center of the next
north pole. The.interval between the centers of two adjacent north
poles, a “double pole pitch,” corresponds then to 360 “‘electrical” de-
grees. Therefore, the phase (space) difference between the conductors
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on .l and B is seen to be 1 of 360 degrees, or 90 electrical degrees.
The two equal, but distinet and independent electromotive
forces generated by such a two-phase alternator are generally
used to supply two distinet
and separate currents to two
distinet and independent cir-
cuits. When so used the
system 1s called a two-phase,
four-wire system. We shall see
later that it is possible to in-
terconnect the two circuits
in such a manner that one of
the four line wires may be
omitted.

In practice the actual two-
phase alternator is constructed
Fik, Lo, Dissram Shovige MethodafConbin. 1,y placing hoth the armature
windings of 4 and B upon one
and the same armature core, instead of on separate cores. To accom-
plish this the armature core has twice as many slots as either 4 or B in
Fig. 118.  Ilig. 119 shows such an armature. The slots marked ay, as,
as, ete., contain the conductors comprising phase 4, whereas the slots
marked b,, b,, bs, etc., contain the conductors comprising phase B.
The .1 winding passes in slot @, from front to back of the armature
core; then towards the
reader (that is, from back
to front) in slot a,; then
from front to back in aj,
from back to front in a,,
and so on. The various
conductors in slots aj, as,
. as, etc., are joined in series
i, Wi DI of Al GOl v by connectors (at front and
back), and the two ends of

the final series are connected to two collector rings.

The B winding passes in slot by, from front to back of the arma-
ture core; then towards the reader, that is, from back to front, in
slot by; then from front to back in b;. from back to front in b4, and
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so on. The various conductors in slots by, by, b, etc., are joined in
series, and the two ends of the final series are connected to two
collector ‘rings, which rings are distinct from the pair of rings to
which the A winding is connected.
The armature windings A
and B just described are of the
concentrated or uni-coil type, page
100, having only one slot per pole
for each winding, 7. e., per phase. B
Distributed or multi-cotl windings
also are frequently used for two- Fig. 121. Diagram of Collector Ring System
for Two-Phase Alternator
phase alternators. Thus, Fig. 120
shows an end view of a portion of a two-phase armature with its A4
and B windings each distributed in two slots per pole. The coils
belonging to winding A are lightly shaded, and those belonging to
winding B are darkly shaded in the figure. The connections between
the coils of the 4 winding are shown in the figure by the full lines,
while the connections of the B winding are shown by the dotted lines.
Two-phase alternators are usually provided with two sets of
collector rings; one ring, however, may be made to serve as a com-
mon connection for the two armature windings, as shown in Fig.
121. The lines 4 and B in the clock diagram, Fig. 122, represent
the generator electromotive forces, a represents the current in
main 1, b represents the current in main 2, and ¢, which is the vector
sum of @ and b, represents the
current in the common main 3. If
a =b, it is evident that ¢=
a2 =bv 2.

ring 2

main 2

THREE=PHASE SYSTEM

Three = Phase Alternator.
Consider three similar single-

¥ig. 122. Clock Diagram of E. M. F.’s and
phase armatures Av B’ a’nd Cv Currents for Two-Phase Alternator

mounted side by side on the

same shaft and revolved in the same field, each armature having as
many slots as there are field poles.  Fix the attention upon a certain ar-
mature slot of A4, and let time bereckoned from the instant that this
slot is squarely under an Npole. Let ¢ be the time which elapses as this
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armature slot passes from the center of one N pole to the center of
the next N pole. The armature B is to be so fixed to the shaft that
its slots are squarely underthe poles

‘A at the instant § #; and the armature
o _ (' is to be so fixed that its slots are

L 6./ squarely under the poles at the in-

i stant 3 . While a slot passes from

J the center of one N pole to the

center of the next N pole, the
electromotive force passes through
one complete cvcle. Hence, the
Fie. 120._Clock Dingram o Three-Phase electromotive forces given by three

.M. F.'s and Currents armatures arranged as above, will
be 120 degrees apart in phase, as shown in Fig. 123, in which the lines
A4, B, and C represent the respective electromotive forces. The cur-
rents given by the armatures to three similar receiving circuits lag
equally behind the respective electromotive forces, and are repre-
sented by the dotted lines «, b, and ¢. This combination of three
single-phase alternators is called a three-phase alternator. In prac-
tice the three distinct windings A, B, and (' are placed upon one
and the same armature body.
For this purpose the armature
core has three times as many
slots as 4, B, or C.

Fig. 124 shows the arrange-
ment of the slots for such a wind-
ing. The slots belonging to
phase A are drawn in heavy
lines, and are marked a,, as,
etc. Those belonging to phase
B are shown dotted, and those
belonging to phase (' are shown

Fig. 124, Arrangement of Slotsfor Three- in light lines. The A winding

would pass up slot a;, down a,,
up as, ete.; the B winding, up by, down by, up bs, ete.; and similarly
for winding C. )

The windings A4, B, and (' here described are of the concen-
trated type, having only one slot per pole for each winding. Dis-
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tributed windings also are frequently used for three-phase alter-
nators. Thus Iig. 125 shows a portion of a three-phase armature
with its 4, B, and C windings each distributed in two slots per
pole. The coils belonging to windings A, B, and C, respectively,
are differently shaded to distinguish them. The manner of connect-
ing the coils of each winding is
described on page 145.

If the three circuits of a
three-phase alternator are to be
entirely independent, six collec-
tor rings must be used, two for
each winding; however, the cir-

2 o c +1e - Fig. 125. Portion of Diagram of Windings for
cuits may be l\ept practl(all) Three-Phase Alternator Armature

independent by using four col-
lector rings and four mains, as shown in Fig. 126. The main 4 serves
as a common return wire for the independent currents, in mains 7,
2. and 3. When the three receiving circuits are equal in resist-
ance and reactance, that is, when the system is balanced, the threc
cufrents are equal, and are 120 degrees apart in phase (each cur-
rent lagging behind its electromotive force by the same amount
as the others); and their sum is at each instant equal to zero. In this
case, main 4, Fig. 126, carries no current. Therefore, main /4 and
the corresponding collector ring may be dispensed with, the three
windings connected together at the point N, called the common
Junction or neutral poini. This arrangement, shown in the symmetrical
diagram, Tig. 127, is called the “Y” or “star’, scheme of connecting
the three windings or phases .1, B, and C.

Another scheme for connecting the three windings A, B, and
(' (also for balanced loads),
called the “A” (delta) or “mesh”
scheme, is illustrated in Iig. 128.
Winding (or phase) .1 is connect-
ed between rings 3 and /; wind-
ing (or phase) I between rings
1 and 2; and winding (or phase) ~ Fie. 126. Collector Ring System for Three-
C between rings 2 and 3.

The direction in a circuit in which the electromotive force or
current is considered as a positive electromotive force or current,
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is called the positive direction through the circuit. This direction
is chosen arbitrarily, The arrows in Figs. 127 and 128 indicate the
positive directions in the mains and through the windings. It must
be remembered that these arrows represent not the actual direc-
tions of the electromotive forces or currents at any given instant,
but merely the directions of positive electromotive forces or currents.
Thus, in Fig. 127, the currents are considered positive when flowing
from the common junction towards the collecting rings, and the
currents are never all of the same sign.

Y-Connected Armatures. FEleciromotive Force Relations. We
shall consider the electromotive force between mains 7 and 2, Fig.
127, to be positive, when it tends to send current through a receiving
circuit.-from main / to main 2. Similarly, the electromotive force

Fig. 127. The “Y’ Scheme of Fig. 128. Diagram of “A’’ Scheme
Connecting Three Phases in for Connecting Phases in Three-
Three-Phase Alternator Phase Alternator

between mains 2 and 3 is considered positive, from main 2 to main
3; and the electromotive force between mains I and § is considered
positive, from main 3 to main 7. Passing through the windings
4 and B from ring 2 to ring 1, Fig. 127 (which is the direction in
which an electromotive force must be generated to give an electro-
motive force acting upon a receiving circuit from main I to main 2),
the winding A is passed through in the positive direction, and the
winding B in the negative direction. Therefore, the electromotive
" force from main 7 to main 21s A— B. Similarly the electromotive
force from main 2 to main 3 is B— C, and the electromotive force frcm
main 3 to main I is C— 4. These differences are shown in the clock
diagram, Fig. 129. The electromotive force between mains I and
2 (namely, 4— B) is 30 degrees behind A in phase, and its effective
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value 1s 2k cos 30°=17 3 I, where £ is the common value of each of
the electromotive forces A, B, and . Similar statements hold
concerning the electromotive forces between mains 2 and 3, and those
between mains 3 and 1. IHence, the electromotive force between any
pair of mains leading from a three-phase alternator with a Y-connected
arimature is equal to the electromotive force generated per phase mul-
tplied by v 3.

Current Relations. In the Y connection, the currents in the
mains are equal to the currents in the respective windings or arma-
ture phases, as is evident {from Fig. 127.

A=Connected. Armatures. Ilectromotive Force Relations. In
A-connected armatures the electromotive forces between the mains

Fig. 129. Clock Diagramof E. M. F.s Fig. 130. Clock Diagram for Cur
for Three-Thase ' Y" Winding rentsin ‘A’ Connected Three-
Phase Armature

or collector rings are equal to the electromotive forces of the respec-
tive windings, as is evident from Fig. 128,

Current Relations. Referring to Fig. 128, we see that a positive
current in winding 1 produces a positive current in main /, and
that a negative current in winding B produces a positive current
in main I, therefore, the current in main / is a—b, where a is tlie
current in winding A, and b is the current in winding B. Similarly,
the current in main £ is b—e¢, and the current in main 3 is c—a.
These differences are shown in Fig. 130. The current in main 1
(namely a—b) is 30 degrees behind « in phase; and its effective value
is v 31, where I is the common effective value of the currents,
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a, b, ¢, in the different phases. Similar statements hold for the
currents in mains 2 and 3; so that the current in each main from
a A-connected armature is V' 3 times the current in each winding.
Receiving Circuits to Three-Phase Mains. Dissimilar Circuits
(Unbalanced System). WWhen the receiv-

main ) ing circuits which take current from
three-phase mains are dissimilar, that is,
do not each have equal resistance and
reactance, four mains should be employed,
as indicated in I'ig. 126; each receiv-
ing circuit being connected from main

Fig. 13 Necooiodof S0 4 to one of the other mains. A com-
mon example of an unbalanced system

is where a mixed load of induction motors and incandescent lamps is
connected unsymmetrically to three-phase receiving mains. It is,
however, desirable to keep the three windings A, B, and C of the
alternator almost equally loaded; and in practice the receiving cir-
cuits are so disposed as to satisfy this condition as nearly as possible.

mam 3

Similar Circuits (Balanced System). When three-phase cur-
rents are used to drive induction motors, synchronous motors, or
rotary converters, each one of these machines takes current equally
from the three mains; and since three-phase currents are utilized
chiefly in the operation of the machines mentioned, the system is
usually balanced. In this case three mains only are employed, and
each receiving unit has three similar receiving circuits connected
to the mains according to either the Y or the A method. The Y method
of connecting receiving circuits is shown in Fig. 131. One terminal
of each receiving circuit is connected
to a main, and the other terminals are
connected together at the neutral point
N. Inthiscase the current ineachre-
ceiving circuit is equal to the current in
the main to which it is connected. The
Fig. 132, =" Method of Connect- electromotive for.ce.bet“:een.the term.i-

nals of each receiving circuit, as 4, is

mamn 1\

equal to ==, where E is the electromotive force between any pair
1 3

of mains.
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TABLE I11
A-"and y-Connection Data in Mains

E. M. F. between + Current in Each q
Mains Main Power Rating
A connection. . . .. E, Vi3I, V3 E,
. el _—
Y connection..... v3 E, I, V3 E,I, |

The A method of connecting receiving circuits is shown in
Fig. 132. Here the three receiving circuits are connected between
the respective pairs of mains; the electromotive force acting on
each receiving circuit is the electromotive force between the mains;

and- the current in each receiving circuit is—___ ~where [ is the
current in each main. V'3

Ezamples. 1. The three windings or phases of a three-phase induc-
tion motor are Y-connected to three-phase mains. The voltage between
mains is 500, and each main delivers 25 amperes to the motor. It is required
to find the current in each phase of the motor, and the electromotive force
acting on each phase of the motor.

Solution. Since the windings are Y-connected, the current in each is
the same as the current in each main, n:a,mely, 25 amperes; and the electro-

motive forceacting oneach phase of themotor winding isL'o , or 288.7 volts.

The power input is P = V'3 X500 X 25 = 21650 watts.

2. The three phases of the above three-phase induction motor are A-con-
nected to_three-phase mains. The voltage between mains in 288.7, and the
current in each main is 43.3 amperes. It is required to find the current in
each phase of the motor, and the electromotive force acting on each phase of
the motor. ’

Solution. Since the windings are A-connected, the electromotive force
acting on each phase is the same as the voltage between the mains, namely

b

288.7 volts; and current in each phase of the motor is 432

or 25 amperes.

The power input is P= \/? X 288.7 X 43.3=21650 watts, the same as before.

Summary of Electromotive Force and Current Relations for
A and Y Connections. Let F, be the rated electromotive force of
each winding, and I,, the rated full-load current output of each phase
of the winding of a three-phase alternator, then, for a generator with
non-inductive load, the data is as given in Table 111.

Let E be the electromotive force between mains of a three-
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TABLE IV
A= and y-Connection Data in Receiving Circuits
‘E. M. F.between Ter-  Current in Each
minals of Each Re- Receiving Total Power
* eeiving Circuit Circuit Input
A connection. .. .. E L__ V3 EI
/
E v 3. -
Y connection... .. I V3 EI
3

phase system, and let / be the current in each main, then, for three
receiving circuits, the data is as given in Table IV.

The permissible power output or rating of a three-phase alter-
nator is the same whether its armature windings are Y-connected
or A-connected.

The power output of a three-phase generator is V'3 X electro-
motive force between mainsX current in one mainX power factor of the
recetving cireutts.

MEASUREMENT OF POWER

In alternatiﬁg-current circuits, power cannot in general be
measured by means of an ammeter and a voltmeter, as in the case
of direct current, because the power expended is generally less than
the product of effective electromotive force and effective current on
account of the difference in phase between the electromotive force
and the current.

A well-designed wattmeter is the standard instrument for
measuring power in alternating-current circuits, and the methods
involving its use are the most generally satisfactory.

Note.—The discussion of the wattmeter given on page 78 applies pri-
marily to the use of the wattmeter for the measurement of power delivered
in single-phase systems.

The several circuits of a polyphase system are often entirely sep-
arate and independent; and in such cases the total power delivered to a
receiving apparatus is found by measuring the power delivered to each
separate receiving circuit. The total power delivered is the sum of the
amounts delivered to the different receiving circuits.

In order to measure the power delivered to one of the receiv-
ing circuits of a polyphase system, the current coil of the watt-
meter is to be connected in series with this receiving circuit, and
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the pressure (or voltage) coil of the wattmeter is to be connected
between the terminals of this receiving circuit. In some cases this
connection of the voltage coil cannot be made, because on ter-
minal of the receiving circuit may be out of reach in the interior
of the apparatus. .

Balanced Systems. In general, the several circuits which
receive current and power from polyphase mains are more or less
unlike in both resistance and reactance, and take different amounts
of current and power from the mains. It is, however, desirable
that the several receiving circuits be alike, so that they may take
equal currents and equal amounts of power from the mains. When
this condition is realized, the system is said to be balanced.

For example, when independent groups of lamps are supplied
from polyphase mains, each group taking current directly, or through
a transformer, from one phase of the polyphase system, the system
is said to be unbalanced when the number of lamps is not the same
in the several groups. In general, the supply of power to several
separate, independent, and unrelated receiving circuits, such as
independent groups of lamps and single-phase motors, leads to the
unbalancing of a polyphase system. Apparatus, such as polyphase
induction motors, synchronous motors, and rotary converters which
are especially designed to take power from polyphase mains, is always
provided with two or three similar receiving circuits so as to take
equal amounts of current and power from each phase of the system.
When such polyphase apparatus takes power from polyphase mains
only, the system is always very nearly balanced.

If a polyphase system were exactly balanced it would be suffi-
cient to measure the power delivered by one phase only; but since
a balanced condition of a system is seldom exactly realized in prac-
tice, there may be considerable error introduced by assuming that
a system is balanced, and by calculating the total power from the
wattmeter reading of power delivered by one phase only.

In balanced or approximately balanced polyphase systems,
the measurement of power by use of a single wattmeter is best
accomplished by special arrangement of connections as follows:

Three-Wire Two-Phase Systems. The current coil of the watt-
meter should be connected in the middle main as shown in Fig. 133.
After a reading is taken with the pressure coil connected between
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middle and lower mains, this connection is quickly changed to the
upper main, as indicated by the dotted line, and the wattmeter
again read. The sum of the two successive readings gives the total
power. If this method is used, the system should not only be bal-
anced, but no change in the load should occur between readings.

.
H _&
Phase A d lreceiving cireuir A
000000 ™
FPhase B receiving circur? B

B D e Tnduction Morer |0 T e

For example, the power taken by a two-phase induction motor
is measured by a wattmeter connected as shown in Fig. 133. When
the wattmeter is connected as shown by the full line in the figure,
it reads 9,900 watts. When the wattmeter is connected as shown
by the dotted line, it reads 1,415 watts. The total watts delivered
are, therefore, 11,315 watts, the two phases of the motor being
assumed to be balanced. Each phase of the motor receives, there-

11 .
fore, ’2315 =5,657 watts. The current delivered to each phase,

as measured by an alternating-current ammeter is 32.14 amperes;
and the electromotive force acting on each phase of the motor,
that is, between the terminals of each receiving circuit, is 220 volts.
The apparent power (volt-amperes) delivered to each phase is 220

marn 1\

mamn 3

mam 2

Tig. 134. Diagram of Power Connection
for Three-Wire Three-Phase System

voltsX 32.14 amperes=7,071 apparent watts; and the power factor
of each receiving circuit is
5,657 watts

, or 0.80
7.071 apparent watts
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The two readings of a wattmeter, connected as shown in Fig.
133, are unequal, even though the receiving circuits are balanced,
because of the effect of lagging currents; or, in other words, because
the two receiving circuits are inductive.

It is to be carefully noted that, in general, neither reading of
the wattmeter measures the power delivered to either one of the
receiving circuits.

Three-Wire Three-Phase Systems. The current coil of the
wattmeter should be connected in series with one (any one) of the
three mains, as shown in Fig. 134. After one reading of the watt-
meter is taken with the voltage coil connected to main 2, as indicated
by the full line, the connection is quickly changed to main I, as
indicated by the dotted line, and a second reading of the watt-

current cor/

co/

7
vorage o toact—

Phase A

~—— lo sypply mains

Phase B

current co//
Fig. 135. Power Connection of Four-Wire Two-Phase System

meter is taken. The total power delivered to the three similar
(that is, balanced) phases, is equal to the sum of the two readings.

Unbalanced Systems. In general, any receiving apparatus is
sufficiently unbalanced to require the measurement of power to be
made on the assumption that the receiving circuits are unbalanced.

Four-Wire Two-Phase. When four mains are used, two for
each separate phase, then two wattmeters are required, one for
measuring the power delivered by each phase. Each of these watt-
meters is connected exactly as in the case of single-phase delivery
of power, as shown in Fig. 135. The sum of the readings 11"+ 1",
of the two wattmeters gives the total power delivered. Two readings
should, of course, be taken as nearly simultaneously as possible.
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Three-Wire Tiwo-Phase. When a two-phase system is balanced
or unbalanced and has three supply mains, one main acting as the

current cor/
mam 1
Phase A — /o load
mam 3 cormmon return
FPhase B — > 70 foad'
vo/lrage cosl
moam 2

current.cor/
Fig. 136. Diagram of Power Connection for

Three-Wire Two-Phase System
common return for the other two, then the arrangement shown in
Fig. 136 gives the best results. The total power delivered to the
receiving circuit is the sum IV;4 W, of the readings of the two watt-
meters. The readings should be taken as nearly simultaneously
as possible.

Fhase A / ‘20 Joad

Phase B ; —>J0 load

FPhase C ‘—»Vo load

Fig, 137, 'Diagram of Power Connection for Six-Wire
hree-Phase System

Sixz-Wire Three-Phase. When six mains are used, two for each
separate phase, then three wattmeters are required, one for measur-
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ing the power delivered by each phase. Each of these wattmeters
is connected exactly as in the case of single-phase delivery of power,
as shown in IFig. 137.

In practice, six wires are never used for three-phase systems
on account of complications and the excessive amount of copper
required.

Three-Wire Three-Phase. When three mains are used in a
three-phase system, two wattmeters are sufficient for the com-
plete measurement of the power delivered to any three-phase receiv-
ing unit, whether the receiving circuit is balanced or unbalanced, or
whether it is connected Y or A. ’

Fig. 138 shows two wattmeters connected for measuring the
power delivered to a A-connected three-phase receiving system.
The algebraic sum of the readings of the two wattmeters gives the

mamn 1

main 3

mamnr 2

- Fig. 138. Diagram of Power Connection for Three-Wire
Three-Phase System

total power delivered independent of balance or lag. When the
current lag in the circuit is less than 60 degrees, . e., when the power
factor is greater than 0.5, then the arithmetical sum of the readings
of the two wattmeters gives the total power. But if the lag is greater
than 60 degrees, i. e., when the power factor is less than 0.5, the
relation of the currents in the current coil and pressure coil of one of
the wattmeters causes it to give a negative reading; hence the arith-
metical difference of the readings of the two instruments gives the
power.

There may be a difficulty in determining which condition exists
in some cases, especially when the power delivered to partially loaded
induction motors whose power factor is low, is to be measured.
In such cases one may determine whether the sum or difference
of readings is to be taken by interchanging the position of the in-
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struments without changing the relative connections of their cur-
rent and pressure coils. If the deflections of both pointers are now
reversed, the difference of the original readings gives the true power,
but if the deflections are in the same direction as before, the sum of
the original deflections is the correct power.

To prove the accuracy of these deductions, let the positive direc-
tion in the mains 7 and 2 and in the three receiving circuits be chosen
as indicated by the arrows in Fig. 138. These directions are chosen
symmetrically with respect to the two wattmeters. Let the instan-
taneous currents in the receiving circuits be 4/, ¢/, and 7', as shown
in the figure. Let a be the instantaneous current in main 7, and let
b be the instantaneous current in main 2. Then, from the arbitrary
choice of signs, '

a=v"'41""
b=2"—1"

The reading 17" of the upper wattmeter is equal to the average
value of the product of the current a, which flows through the cur-
rent coil of the instrument, and the electromotive force ¢’, which
is acting upon the pressure coil of the wattmeter. That is

W '= average (ae’)
Similarly, the reading 17" of the lower wattmeter gives
W' = average (be'’).
Substituting the above values of @ and b in the expressions for IT”
and 77", and adding results, we have _
W'+W"=average (¢'i')+ average (¢” i'"")+average (¢'—e'’) ¢/}
But, from the figure, ¢'—e”=¢'"’; hence
W'+ W""=average (¢’ i')+average (¢’ ")+ average (¢’ ')
Although a formal proof of the principle of the two-wattmeter
method has not been given for a Y-connected circuit, it is not neces-
sary to show independently that it holds for both cases. A little
consideration will show that if the electromotive forces acting be-
tween the three wires, the currents flowing in them, and their phase
relations are given, there is then a perfectly definite amount of

power transmitted along the three lines, and it is quite immaterial
whether this power is being delivered to circuits connected A or Y.
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ARMATURE WINDINGS

In general, any direct-current armature winding may be used
for the armature of an alternator; but the desirability of generating
comparatively high voltages in the armature so as to avoid the
use of step-up transformers, makes it necessary to abandon the
styles of winding best suited to direct-current machines, and to
use windings specially adapted to the conditions of alternating-
current practice.

Comparing the armature windings used for direct-current
machines with those for alternators, we find, frst, that all the re-
entrant (or closed-coil) direct-current windings must necessarily
he either two-circuit or multiple-circuit windings, . e., they must
have at least two paths in parallel through the armature between
brushes; and second, that the armatures of alternators (and syn-
chronous motors) may, and generally do, from practical considera-
tions, have one-circuit windings, 7. e., windings having one cir-
cuit per phase. It follows, therefore, that any directscurrent wind-
ing may be used for alternating-current machines; but the con-
verse statement, that any alternating-current winding may be used
for direct-current machines, is not true in general. In other words,
the windings of alternating-current armatures are essentially non-
re-entrant (or open-circuit) windings. The only exceptions are the
A-connected (or mesh-connected) polyphase windings, and the
short-circuited windings of “squirrel-cage” induction motors, both
of which are re-entrant (or closed-circuit) windings. The A-con-
nected. polyphase windings are, therefore, the only windings that
can be used for the armatures of rotary converters.

In the type of winding generally employed for alternators, a
number of distinct coils are arranged on the armature; in these coils
alternating electromotive forces are induced as they pass the field-
magnet poles, and the several coils are connected in series between
the collecting rings.

Classification. Adccording to Shape of Core. Armatures for
alternators, just as in the case of direct-current machines, may be
divided into drum armatures; ring armatures; and disk armatures.
Of these the ring and the disk armatures are seldom used in
America although they are to some extent adopted in European
practice.
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The ring and the disk types of the armature are mechanically
less stable than the drum type; and the ring armature, moreover,
other things being equal, requires more wire to be wound upon it for
a given output than in the case of the drum armature, and pos-
sesses, therefore, a greater inductance than the latter type. Drum
armatures, whether the alternators are of the revolving or station-
ary armature type, have laminated iron cores similar in construc-
tion to the armature cores for direct-current machines. Disk
armatures, on the other hand, are usually made up without iron,
thus introducing constructional difficulties.

According to Construction of Core. With reference to the con-
struction of their cores, the armatures of alternators may be classi-
fied, as in the case of direct-current machines, into smooth-core
armatures and toothed-core armatures. .

In the smooth-core armature the conductors, arranged in flat
coils, lie on the surface of the armature core, and the coils in sonie
cases are bent down over the ends of the core, where they are fastened
by end plates or by blocks of wood or fiber. The spaces in the
centers of the coils are filled with wooden blocks either screwed to
the cores or held in place by the binding wires. In other cases
the coils are flat or “pancake” shaped, and of the same length as
the armature core. In the latter case they are laid upon the cylin-
drical surface of the armature core, and are securely bound with
wire bands.

The form of the wave of electromotive force produced by
smooth-core armatures is very nearly harmonic (sinusoidal) or
slightly flat-topped. The inductance of a smooth-core (or surface-
wound) armature is considerably less than that of a toothed-core
armature. Although much used in earlier designs, the smooth-
core armatures owing largely to their comparatively weak mechan-
ical structure, have been superseded in modern practice by the
toothed-core constructions.

Oue or another of the forms of toothed-core armature is now
almost universally used in practice. The conductors are laid in
slots or grooves, the sides and bottom of which are first carefully
insulated by troughs of mica-canvas, micanite, or other suitable
insulating material. The insulated conductors (cotton covered)
are generally wound into coils on “formers,” each coil being care-
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fully taped, and then impregnated with insulating compound (or
varnish). The coils are then thoroughly dried by baking in ovens.

The conductors being enclosed in slots between teeth which
project more or less over the conductors, the toothed-core type is
often called iron-clad. 'This construction has three great advantages
over the smooth-core type:

(a) It allows the length of air gap from iron of pole-face to iron of arma-
ture core to be reduced to a minimum; just enough for mechanical
clearance. Other things being equal, this means a saving in the cop-
per required to magnetize the field.

(b) It protects the embedded conductors from injury.

(e) It affords an admirable way of supporting and securtng the conductors
firmly in place against the action of centrifugal force; and, further, it
shields the conductors almost completely from the racking action of
the magnetic drag due to the magnetic field.

The shape and number of the slots in a toothed armature core
have a marked effect on the shape of the electromotive force wave,
and upon the regulation of the alternator. The shape of the wave is
affected by the distribution of the magnetic flux in the air gap.
The regulation is affected by the inductance of the armature coils,
and the inductance depends on the number and shape of the arma-
ture slots.

Fig. 139 shows a portion of an armature-
core disk or stamping for a 12-pole, uni-tooth
(one slot per pole per phase), three-phase
alternator. The armature winding adapted
to this uni-tooth core is, of course, the uni- Fig. 139, Portion of Stamp-

ing for Twelve-Pole Uni-
coil or concentrated winding. The armature UGS LGRS
coils are held in place in the slots by wedges
of wood or fiber driven in from the ends of the core and fitting
into notches near the tops of the teeth, as shown in the figure.
This construction, now almost universally adopted by manufact-
urers, avoids the necessity for any binding wire on the arm-
ature core.

Alternators with uni-tooth armature cores are characterized
by large armature inductance and. by peaked-wave shapes of the
induced electromotive forces; also by marked variations in the
shape of the wave of induced electromotive force, according to the
magnitude and power factor of the load.
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On account of their comparatively large inductance, uni-tooth
armature constructions require a relatively large increase in the
field-exciting current in passing from no load to full load output.
In other words, regulation is poorer than for multi-tooth armature
cores.

According to present practice in design, the great majority of
alternators are constructed with armature-core stampings having
two or three or more slots per pole per phase. Tig. 140 shows a
portion of an armature-core stamping for a 12-pole, three-phase
alternatcr. It has three slots per pole per phase. The slots are
open, which, together with the distributed (multi-coil) type of
winding, results in a low armature inductance. This means that a
relatively small increasc in the field-exciting current is required in
passing from no load to full load output.

Alternators with multi-tooth armature cores are especially
adapted for long-distance transmission where step-up transformers
are used. The regulation is better than with the uni-tooth core
construction; and the wave shape of the electromotive force gener-
ated by the distributed winding approaches a sine wave, which is
the best wave shape for the long-distance transmission of power.

This is because’ of the fact that the nearer a

given curve of electromotive force approaches

a sine curve, the less the likelihood of a dan-

gerous rise of voltage (resonance) occuring at

the distant end of a long transmission line be-

Sampink for Twelver  cause of the capacity (condenser) effect. A
R BT long transmission line has a series of frequen-
cies of electrical oscillation just as a stretched

violin string has a series of frequencies of mechanical vibration.
If the frequency of the current delivered by an alternator hap-
pens to coincide with any of these “proper” frequencies of the
transmission line, the line will have violent electrical oscillations
set up in it, and excessive voltages ‘will occur at certain points
along the line. A sine wave of electromotive force has only one
frequency. Any other kind of an alternating electromotive force
is composed of a series of sine waves of ascending frequencies (the
harmonics or over-tones in music), all combined into a resultant
wave form. There is, therefore, more danger that one out of all

Fig. 140. DPortion of
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the frequencies may coincide with one of the “proper” line fre-
quencies than that the single frequency of a sine wave may so
coincide. )

According to Progression of Winding. With reference to the
progress of the winding from slot to slot, armature windings may
be divided into spiral or ring windings; lap windings; and wave
windings. These terms have the same meaning when applied to
alternator windings as they do when applied to the windings of
direct-current machines.

According to Disposition of Coils. With reference to the dis-
position of the coils around the periphery of the core, we have to
distinguish between two general classes, viz, concentrated, or uni-coil,
windings, and distributed, or multi-coil, windings.

Concentrated, or uni-coil, windings, as the name implies, con-
sist of one coil per pole per phase. The armature conductors are
thus grouped in bundles, and usually placed in slots, there being
one slot per pole for each phase.

Examples of concentrated windings are illustrated in Figs. 1 and
102, in which the armature conductors are shown as lying in one
slot per pole. Fig. 1 shows adjacent sides of two different armature
coils lying in one slot. In some cases, each slot is filled by one
side of a single armature coil, giving one slot per phase per pair
of poles. Such windings are sometimes called “half-coiled” or
“hemi-tropic.”

Distributed, or multi-cotl, windings consist of several coils per
* pole per phase. The armature conductors are distributed in two
or more slots per pole per phase.

Examples of distributed windings are shown in Figs. 120 and
125, Fig. 120 shows an end view of a two-phase winding distributed
in two slots per pole per phase. Fig. 125 shows an end view of a
three-phase winding distributed in two slots per pole per phase.

Concentrated windings are less' expensive to make; and they
give a greater effective electromotive force (at zero load) for a given
number of conductors, other things being equal, than distributed
windings. This is on account of the fact that all the conductors of
a concentrated winding cut the field flux simultaneously, while the
various conductors of a distributed winding do not cut the field
flux simultaneously-.
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Concentrated windings have greater inductance than distrib-
uted windings for the same total number of conductors, and also
ause a greater armature reaction for a given current than distrib-
uted windings do. Consequently the terminal electromotive force
of an alternator falls off more with a concentrated winding than
with a distributed winding, when the current output is increased.

Fig. 141. Completed Armature with Strap Winding, Four Slots Per Phase

Therefore, an alternator with a concentrated winding has a poorer
(higher) regulation than an alternator with a distributed winding;
and although a concentrated winding may give a higher electro-
motive force at zero load, it may actually give a lower electromo-
tive force at full load.
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Aecording to Form of Conductor.  According to the form of the
conduetors used, armaturc windings may be divided into three
classes, viz, wire winding; strap winding; and bar winding.

Fig. 142. Portion of Bar-Wound Armature, One Bar Per Slot

IWire aeinding, which is usually employed in high-voltage
machines of low-current output, consists of machine-wound coils,
which are entirely formed and insulated before being placed in the
armature slots,
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Strap winding is used for machines of lower voltage and of
greater current output, and it censists of copper strap, forged into
the required shape and carefully insulated.

Both the wire and strap windings are placed in the slots with-
out any mechanical bending, thus preventing damage to the insu-
lation. In armature cores having the slots partially closed, the
winding is slipped in from the end; but in cores having open slots,
wedges of hard fiber secure the coils in place.

Fig. 141 is an illustration of strap winding distributed in four
slots per polé per phase. The completed armature, ready for direct
connection to a steam engine, is shown in the figure, and is intended
to revolve inside of a. stationary field-magnet structure. The
four collector rings indicate that the armature is wpund for two
phases. It is manufactured by the Westinghouse Electric Company.

Bar windings are held in place by the overhanging tips of the
teeth. The bars, after being carefully insulated, are slipped into
the slots from one end of the
armature. The end connections
of the bar winding are bolted and
soldered to the bars after the con-
ductors are in place.

Bar windings are usually ar-
ranged with either one or two bars
per slot. There are no band wires
on the armature core.

Fig. 142 shows a portion of a bar-

Fig. 143. Concentrated Single-Phase  wound revolving armature having

one bar per slot.

Single=Phase Windings. Fig. 1 shows a common type of
single-phase winding having one coil per pole. Fig. 143 shows
another type of concentrated single-phase winding, having one coil
to each pair of poles or one slot per pole. The sketch b is a sectional
view of a portion of the armature core, showing one of the slots
containing the conductors forming one side of a single armature
coil and standing opposite to a field pole. In the main diagram
the heavy sector-shaped figures represent the coils, and the light
lines represent the connections between the terminals of the coils.
The radial parts of the sector-shaped figures represent the portions
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of the coils that lic in the slots, and the curved parts represent the
ends of the coils. The circles at the center of the figure represent
the collecting rings, one being
shown inside the other for clear-
ness. The arrows represent the
direction of the current at a given
instant. All electromotive forces
induced under N poles are in one
direction, and all electromotive
forces induced under S poles are
in the opposite direction. These

remarks apply to Figs. 143 to 150

inclusive. Fig. 144. Single-Phase Armature Winding,
Two Slots Per Pole

Tig. 144 represents a single-
phase winding distributed in two slots per pole, all the coils being
connected in series. The sketch b, is a sectional view of a portion
of the armature core, showing two slots. o

Two=Phase Windings. 'The two-phase winding consists of two
independent single-phase windings on the same armature, each being
connected to a separate pair of collecting rings, as shown in Figs.
145 and 146. Tig. 145 shows a two-phase concentrated winding,
one slot per pole for each phase. Fig. 146 shows a two-phase wind-
ing distributed in two slots per pole for each phase. Tn each of the
figures (145 and 146), the winding of one of the phases is shown
by dotted lines, to distinguish it from that of the other.

\
Fig. 145. Two-Phase Concentrated Fig. 116. Two-Phase Armature Wind-
Armature Winding ing, Two Slots Per Pole Per Phase

Three=Phase Windings. The three-phase winding consists
of three independent single-phase windings on the same armature,
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the terminals of the individual windings being connected accord-
ing to the Y scheme or A scheme, as explained on page 145. Fig.

Fig. 147. Three-Phase Concen- Fig. 148. Three-Phase Concen-
trated Winding  Y-Connected trated Winding A-Connected

147 shows a three-phase concentrated winding (one slot per pole for
each phase), Y-connected. Fig. 148 shows the same winding A-
connected. In Figs. 147 and 148 the winding for phase .I is shown
by heavy full lines; the winding for phase B is shown by light full
lines; and the winding for phase € is shown by dotted lines.

The Y connection gives 1¥° 3 times as much electromotive force
between collecting rings as the A connection for the same total
number of conductors per phase, and is the more suitable for high
electromotive force machines. The A connection, on the other
hand, is especially adapted for
machines for large current out-
put. The line current is 1 3
times as great as the current in
each winding in a A-connected
armature.

Fig. 149 shows a three-phase
bar winding distributed in two
slots per pole for each phase.
The sketch b, is a sectional view
of one slot containing a single con-

Fig. 149. Three-Phase Bar Winding, 1 _
e I B e LT ductor in the form of a rectang

ular bar.
Fig. 150 shows a three-phase coil winding distributed in two
slots per pole for each phase and arranged in two layers, there being
as many coils on the armature as there are slots, so that portions of
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two coils lie in cach slot, one above the other. The portions of the
coils represented by full lines lie in the upper parts of the slots, and
the adjacent dotted portions lie in the bottoms of the same slots.
The sketch b is a sectional view of one slot showing two half-coils
one above the other, thus constituting a two-layer winding.

The method of connecting up the separate windings of a three-
phase alternator is as follows:

Y CoxNECTION. The terminals of the individual windings which are
to be connected to the common junction and to the collecting rings, may
be determined as follows: Consider the instant when winding A is squarely
under the poles, as shown in Fig. 147, The electromotive force in this wind-
ing (and the eurrent also, if the circuit is non-induetive) is a maximum, and
the currents in the other two phases B and € are each half as great. If wind-
ing 4 is connected so that its current is flowing away from k, windings B
and ¢ must be connected so that their ecurrents flow towards k.

A CoxNEcTION. The three
windings form a eclosed circuit
when A conneeted.  The total
electromgtive foree around this
circuit at any instant must be
zero.  Consider the instant when
winding A4 is squarcly under the
poles, asshown in Fig. 148. The
electromotive force in this wind-
ing is a maximum, and the elee-
tromotive forces in the other two
windings are each half as greaf.
Then winding A is connected to
any pair of rings, say I and 2;
winding B is connected to ring 8
and ring I (or 2); and winding
Cis :connocte(l toring 3 and ring

‘ Fig. 150, Three-Phase Coil Winding, Two Slots
2 (or 1); these connections are Per Pole Per Phase

made so that the electromotive )
forcesat the giveninstant are in the directionsindicated by the arrowsin Fig. 148,

COMMERCIAL TYPES OF MACHINES

Alternators are of three types, differing in the means employed for
causing the conductors to cut the magnetic flux from the field magnet,
viz, revolving-armature type; recolving-field type; and inductor type.

Of these three types the one which experience has proven the
fittest to survive is the revolving field type and it is today generally
adopted by manufacturers as the standard. Alternators of the
revolving armature type are still manufactured to supply special
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demands and for small isolated electric plants, and they may beé found
in satisfactory operation in many of the older and smaller electric
central stations.

The inductor type is rarely if ever built today. In this type
both the field winding and the armature (core and winding) are
stationary, and the magnetic flux produced by the field winding is
caused to move past the armature conductors by means of a revolving
iron structure furnished with polar projections called the nductor.
The advantages of this type, viz, absence of moving wires, collecting
devices and brushes, with the consequent minimum cost of attend-
ance are outweighed by the disadvantages of increased size, weight,
and cost, and by the lower efficiency and poorer (higher) regulation
especially when supplying current to inductive loads such as induc-
tion motors or other apparatus having a power factor less than
unity. On account of these disadvantages the manufacture and use
of inductor alternators have been virtually discontinued.

The revolving-armature type of alternator is limited to a general -
power and lighting distribution where only a moderate voltage is
required. Machines of this type are comparatively cheap to build.
They can be automatically compounded by the use of composite field
windings without any complication of parts, which is not the case
with the revolving field tvpe. Theyv can be furnished with an aux-
iliary armature winding and small commutator for exciting their
fields, thus dispensing with any external exciter.

The revolving-armature tvpe, on the other hand, is not suit-
able for generating either high or low voltages, on account of the
difficulties of insulating the armature conductors and collecting
rings in the first case (high voltage), and of collecting a large arma-
ture current in the second case (low voltage).

The advantages of the revolving field type over the revolving
armature type are as follows:

(1) The revolving field type gives more space for the armature
winding, and thus permits the stationary armature to be easily
insulated to withstand a testing pressure of over 30,000 volts.

Large alternators with stationary armatures have been built
to generate voltages up to 20,000; but it is doubtful whether, on the
whole, it is economical to build them for voltages greater than about
13,000.
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(2) The insulation of the armature is relieved from the strains
due to centrifugal force at high speeds. Furthermore, a revolving
field can be made stronger and more compact than a revolving arma-
ture and, therefore, the revolving-field type of alternator is much the
better suited to the high speeds employed in alternators driven by
steam turbines. -

(3) The number of collecting rings is reduced to a minimum,
viz, two, and the amount of electrical energy transmitted through
them is only about two per cent of that which would have to be trans-
mitted through the collector rings of a revolving armature alternator
of the same capacity. The voltage between the collector rings is also
relatively small, being either 125 volts, or 250 volts in the larger
machines.

REVOLVING-ARMATURE ALTERNATORS

In this type of alternator, the field magnet is stationary, while
the armature is mounted on a shaft and is driven (by means of a belt
or mechanical coupling) by the prime mover, which may be either
a steam engine, a steam turbine, or a water wheel. The current
induced in the armature conductors is delivered to the external
circuit through collector rings on which brushes rub. The armature
may be wound for a single-phase current (having two collector rings),
for two-phase currents (having four collector rings), for three-phase
currents (having three collector rings), ete. The revolving-armature
type is used almost exclusively for alternators of small output and
moderate voltage. _

Although single-phase alternators, and especially those of the
revolving-armature type have been virtually superseded by poly-
phase machines of the revolving-field type, still there are today a
number of the older fashioned alternators in regular use in some of
the smaller electric lighting stations. For this reason some of the
typical features of these machines will be described before considering
the more modern designs. :

Fort Wayne Single-Phase. Fig. 151 shows a 90-kilowatt 1,100-
volt 8-pole single-phase belt-driven alternator manufactured by the
Fort Wayne Electric Company, of Fort Wayne, Indiana. It is
designed to be driven at a speed of 900 revolutions per minute; hence
$ X 900

60

the frequency of its electromotive force is = 60 cycles per sec-
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ond. The figure shows the two collector rings adjacent to the arma-
ture, also the rectifying commutator with its brushes for supplying

e

uni-directional current to the coarse wire coils of the composite
. g
field winding.[

160
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The exciter is a shunt-wound 4-pole- 2-kilowatt direct-current
generator running at a speed of 1,400 revolutions per minute. It
is shown belted to a pulley on the alternator shaft. The current
from this exciter is led to the fine wire coils of the composite field
winding. Each field pole of the alternator is provided with two
coils wound on one and the same spool—one of coarse wire, sup-
plied with current from the rectifving commutator; and the other
of fine wire, supplied with current from the exciter.

The field structure, base-plate, and pedestals are cast in one
piece, and the whole machine rests upon a cast-iron sub-base. This
sub-base is provided with slide rails along which the machine may
be moved by means of a screw turned by a ratchet and lever, as
shown—this for the purpose of adjusting the tension of the main
driving belt. The field poles are “built up” of sheet-iron stamp-
ings and are held together by long bolts. These field poles are ar-
ranged in the mould in which the field frame is cast, and are thus
cast-welded to the frame,
The fjield cotls are ma-
chine wound on spools,
with insulated copper
wire, the coarse wire coils

being wound on top of the
ﬁne wire C()ilS. The ﬁ(;[([ Fig. 152, Germa(rvmoiirl;éekfi{risiﬁslr&r%S‘i?:ls in Shunt with
spools are held in position

on the field poles by brass collars fixed to the outer ends of the poles.

The coarse wire coils, connected in series, are supplied with
uni-directional current from the rectifying commutator;and the entire
set is shunted with resistance consisting of a strip of German silver
wound on an insulated form, Fig. 152, and mounted on an insulated
block inside the hollow pedestal on the collector end of the machine.

The armature is of the iron-clad ring type built up of small
overlapping sheet-steel punchings, annealed and japanned to reduce
the loss caused by hysteresis and eddy currents.

The armature winding is of the concentrated or uni-coil type.
The coils are wound by hand directly on each armature tooth,
insulated copper ribbon being used. = Armature coils are generally .
wound on formers, and afterwards sprung into place in the slots
on the armature core.
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Westinghouse Uni=Coil Armature. TFigs. 153 and 154 show a
Westinghouse single-phase uni-coil armature very much like the
one used in the alternator shown in Fig. 151. The coils of the West-

Fig. 153. Westinghouse Single-Phase Uni-Coil Armature Core

inghouse alternator, however, are machine-wound on formers; and,
after being taped, varnished, and baked, they are spread out slightly
so as to pass over the teeth, and are forced into place in the deep
slots, being securely held there by wooden wedges. Fig. 153
shows the core unwound, and Fig. 154 the method of placing
coils in this type of machine. The armature teeth are T shaped,
aud partially overhang the armature coils, thus protecting the coils
from injury. There are, of course, the same number of armature
teeth as field poles in the uni-coil armature. Thus Ifigs. 144 and 145
show an armature core for an eight-pole field.

Fig. 155 shows the completed armature of which the core and
coils are shown in Figs. 153 and 154. At the ends of the armature
are two brass shields for protecting the ends of the armature coils.

Fig. 154, Westinghouse Single-Phase Armature with Coils in Place

The ring-oiling, spherical-seated, self-aligning bearings are shown
on the shaft in Fig. 155; and at the end of the shaft are shown the two
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collecting rings and the rectifving commutator. The wires leading
to the collector rings and to the rectifying commutator are led through
the shaft, which is made hollow.

Fig. 156. Westinghouse Single-Phase Armature Core and Coils. Distributed Winding

Fig. 157. Westinghouse Single-Phase Distributed Winding Armature Complete

Westinghouse Armature with Distributed Winding. Figs. 156
and 157 show a single-phase Westinghouse alternator armature with
distributed winding. Three armature coils are shown in Fig. 156
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separately and also grouped together. The manner of grouping
shown is carried out when the armature coils are assembled on the
armature core; and there are as many of these groups of armature coils
as there are poles in the field. Fig. 157 shows the finished armature
with end shields, collecting rings, and rectifying commutator.

In assembling the stampings of an armature core a stiff, cor-
rugated stamping (or its equivalent) is inserted at intervals between
groups of the flat sheet-iron stampings, thus leaving radial air ducts
from the inside to the outside of the armature core. These are known
as ventilating ducts, and their object is to permit of a free circulation of
cool air through the arma-
ture core and coils, thus
preventing excessive rise of
temperature. 'The motion
of the armature causes air
to be drawn in through the
end shields to the interior
of the armature, whence it
is thrown out through the
radial ducts, as in the case
of a ventilating fan. Four
of these spaces between
stampings can be seen in
Figs. 156 and 157; and the

Fig. 155, Field Structure of a Westinghouse ar{nature “spider” and end
shields at each end, as
shown, are provided with apertures for admitting cool air.

Field Structure for Westinghouse 180-Kw. Alternator. Tig.
158 shows the field structure of a Westinghouse 180-kilowatt alter-
nator before the field coils have been placed upon it. The field poles
(laminated) are shown projecting radially inwards from the cast-
iron, ring-shaped yoke. The yoke is cast in two pieces, and the upper
half is bolted to the lower half, as shown in the figure. The yoke is
divided in this way in order that the upper half may be unbolted and
may be lifted off by means of the eve-holt on the top of the machine,
thus giving easy access to the armature for inspection and repairs.

General Electric Three-Phase Alternator. Fig. 159 shows a view
of a 25-kilowatt three-phase revolving-armature type of alternator
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built by the General Electric Company for use in small isolated
plants. The alternator is belt-driven at 1,800 r. p. m. and, there-
fore, requires four poles to give a frequency of 60 cycles.

The view shows three collector rings mounted on the armature
shaft for the collection of the three-phase currents, and a com-
mutator between the rings and the armature core. The special
feature of this machine is that it requires no separate exciter, for the
armature is wound with two distinet windings, one of which is con-

Fig. 159. General Electric 25-Kw. Three-Phase Alternator
L

nected to the commutator and supplies the exciting current to the
field coils. The main armature winding generates the three-phase
alternating currents and is connected to the three collector rings.
The field structure consists of laminated pole pieces cast into a rigid
stationary frame. The field-magnet cores are wound with coils
which furnish a magnetic flux which is common to both alternator
and exciter armature windings. These machines are built in three
sizes and rated at 7.5, 15, and 25 kw. at unity power factor, and at
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6, 12, and 20 kw., respectively, at 0.8 power factor. Standard
voltages are 120, 240, 48(), and 600 volts at 60 cycles, and their ratings
are based on either two- or three-phase operation. For single-phase
operation any one of the phases may be used, but the rating then is
only 70 per cent of the polyphase rating on account of the heating.

REVOLVING-FIELD ALTERNATORS

In this type of alternator, the armature is stationary, and the
armature windings are arranged in slots on the inner face of the
armature structure, the latter forming a closed ring inside of which
the multipolar field magnet revolves. The armature structure con-
sists of an external frame of cast iron or steel supported on a bed-
plate. The: armature core proper consists of a ring built up of
relatively bmall stampings of sheet iron dovetailed into the external
frame and pr\a‘ssed together between two flanges by bolts. The ex-
ternal frame in this type of alternator does not to any perceptlble
extent carry lines of force, that is, it does not form a part of the
magneétic circuit, but serves only as a support for the laminated
armature core.’

Construction. Frame. When a given type of alternator has
been standardized by a manufacturer, it is customary to lay out a
complete line of machines, which differ in weight by fifteen or twenty
per cent between consecutive sizes. The capacity of a given frame
is dependent upon speed, voltage, and specified performances.

Frames are made in two general styles, one called the box type

“and the other the skeleton type. The box type consists of a single
casting for the smaller sizes until an outside diameter of about 8
feet is reached. Above this diameter the frame castings are usually
divided into upper and lower sections, split construction being neces-
sary on account of the limitation imposed in handling and shipping.

The skeleton type consists of two side castings between which
substantial spacing rods are set at suitable intervals. For manu-
facturing reasons the skeleton type is preferred for certain sizes of
thachines, as its construction readily permits of changes being made
in the assembling of the armature-core laminations without neces-
sitating a change in the patterns. *

The main point to be looked after in alternator frames is a
design that will give the maximum of rigidity. The only function
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of the frames of rotating-field alternators is.to.holdarigidly.in place
the parts composing the stationary element. The frame is further
designed with openings at the back of the laminations to give thorough
ventilation. The frames contain dovetailed slots into which the
laminated iron for the stationary part is pressed. The laminated

Fig. 160. Allis-Chalmers Revolving Field Alternator with Rotor Removed

iron, however, carries all the magnetic flux and the frame is simply
for the purpose of holding it in position.

Armature. The armature (stator) core consists of sheet-iron
laminations carefully selected and annealed before assembling in
order to reduce core loss. The punchings are stacked together and
held rigidly in place by heavy steel clamping fingers, the outer cir-
cumference of the laminations being dovetailed for fastening to the
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frame and thejinner circumference being slotted to receive thearmature
windings. The punchings are separated at intervals by ventilating
plates, which give opportunity for air to circulate freely through the
ducts thereby created and out at the open back of the frame. Heavy
end plates are supplied at both ends of the laminations so as to pre-
vent their bulging out at the ends.

Fig. 161. Allis-Chalmers Revolving Field Alternator with One Bearing Removed and
Rotor in Foreground

Ded Plate and Bearing Pedestals.  Alternators may be divided
into three types depending upon the method of driving, viz, engine
type, coupled type, and belted type. In the engine type the revolving
element is mounted directly on an extended engine shaft. In the
coupled type, as the name indicates, the alternator is entirely self-
contained and is designed to he coupled directly to a prime mover,
usually a water wheel. In the belted type the alternator is self-
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contained and mounted entirely separate from the prime mover and
connected therewith hy a belt.

The almost universal practice is to make the bed plate, the in-
dividual bearing pedestals and the frame all separate. The parts are
properly machined and bolted together. This practice enables the
manufacturer to use the same parts for the various types of machines,
and to vary the combinations of bed plate, bearing pedestal, and
frames to suit any case that may arise. For some of the smaller
belted machines abracketbear-
ing support instead of pedestal
on abed plateis used. Thisal.
lows thesize of the bed plate to
be reduced to a minimum.

Fig. 160 shows a frame of
the box type with the lami-
nations and windings placed
therein complete. Fig. 161
shows the same alternator with
one of the end brackets con-
taining a bearing removed and
the rotor (revolving field) in the
foreground. This alternatoris
for belt driving and is called
“Type AB"" by the Allis-C'hal-

mers Company who manufac-

ture it. Fig. 162. Portion of General Electric Alternator
0 oy Q . . Showing Method of Dovetailing Core
Fig. 162 is a section of an Laminations |

alternator showing the method

of dovetailing the core laminations to the stator frame. IHeavy clamp-
ing rings or end plates are mounted on both sides of the core by means
of bolts, and supporting fingers extend along the teeth on either side
of the slots, as shown in Figs. 163 and 164.

An ample circulation of air for cooling is provided by means of
ducts formed by suitable spacing blocks inserted at intervals be-
tween the laminations, as may be seen in Figs. 163 and 165.

Armature Coils. The armature coils are wound on formers and,
the slots being open, the coils can be easily removed and replaced
in case of injury. They are taped and impregnated with an insulat-
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ing compound. After being tested, the coils are inserted in the
armature slots which are lined with horn fiber and retaining wedges
of wood are doyetailed into V-shaped notches on either side of the
slot, as shown in Figs. 163 and 165.

Supporting Ring. Where heavy windings project beyond the
laminations, an additional support is provided by means of an in-
sulated metal ring, to which the outer ends of the coils are fastened;
the coils are thereby protected from mechanical displacement, or
distortion due to the magnetic disturbances caused by violent fluctua-

Fig. 163. Armature Coil Support Construction—General Electric Alternator

tions of the load or short-circuits. Fig. 165 shows a section of a sup-
porting ring of this type and indicates the method of connecting the
coils to it. In order to admit of the prompt replacement of damaged
coils, sufficient space is usually provided between the alternator bear-
ings to allow ample movement of the stator to permit of ready access to
both stator and rotor coils. Where space economy necessitates the use
of a short shaft, access to the windings may be procured by disconnect-
ing some of the coils and lifting the upper half of the stator.
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Terminals. Flexible leads are brought through the frame of
the machine near the bottom and connected directly to the line or to
terminal blocks which are mounted on the frame. The former
arrangement is usually employed.

Rotating Field. The construction of the rotating field is very
similar 10 that of the stationary armature except that the punchings
are dovetailed into a rotating spider instead of a stationary frame.

Fig. 166 is a view of a laminated field core in process of construc-
tion, showing how the laminations are assembled with overlapping

TFig. 164. Armature Coil Support Construction—General Electric
Alternator

joints, and are fastened to the supporting structure. Three individual
stampings are shown separate in the figure. '

In assembling the stampings that form the built-up structure
of field poles and yokes, the stampings break joints,in order to enable
the structure to resist centrifugal force without bringing undue stress
upon the central supporting structure. The stampings are per-
forated with a number of holes, as shown. These holes register in
the built-up structure, and bolts are passed through them in order
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Fig. 165.  Portion of General Electrie Ntationary A—\l_-x\xature
Showing Method of Connecting Armature Coils

Fig. 166. Method of Constructing Laminated Field Cores .
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to clamp the laminations together. At intervals of about 3 inches, the
laminations are separated by a corrugated lamination (or its equiv-
alent), which serves to form ventilating ducts that extend in-
wardly to large openings in the
cast-iron segments. These ven-
tilating ducts in the revolving
field register or coincide with
corresponding ducts in the ex-
ternal stationary armature.
The field-pole tips are
beveled so as to produce a
distribution of magnetic flux
which will give approximately
a sine wave electromotive
force at no load (under load
conditions the wave would be

somewhat distorted).
For alternators of rela- Figz. 167. Field Spider Showing Laminated
Construetion
tively small rated output, from
about 30 to 200 kilowatts, and designed for belt driving at a high
speed, another type of construction is used by the Westinghouse
Company in their “Type G’ generators.

The central portion of the re-
volving part, shown in Fig. 167,
is a laminated spider, built up of
thin steel plates assembled upon
a mandrel and firmly riveted to-
gether under hydraulic power.

The core is accurately
bored and the spider is pressed
upon the shaft in the same man-
ner as a cast-steel spider. The
poles, one of which is shown in

S P Fig. 168. One of the Field Poles Which Fita
Fig. 168, are also built up of S

steel laminations of the same

thickness as those of the spider, and riveted together. Each pole is
dovetailed into the spider and retained by two taper steel keys. Fig.
169 shows the rotor core with pole pieces assembled on the spider.
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The pole picees are thereby securely held in place during opera-
tion; but poles and coils may be easily taken out when desired, by
‘ knocking out the steel keys.
The field coils of these
“type G” alternators are
wound with wire, and the
complete rotor or revolving
field {or the 30- and 50-kilo-
watt machines is shown in
Fig. 170. The pole pieces
of this tvpe of alternator
rated above 50 kilowatts up
to 200 kilowatts are pro-
vided with practically closed
slots in the pole face for the
copper bars of a “squirrel-
cage” winding. The slots are
plainly shown in Fig. 167,
and the rotor with the cage

Fig. 169. Rotor Core with Pole Pieces Assembled \\'ill(]ing n p]u(-e, iS shown
on Spider

in Fig. 171, This winding,
also called an “amortisseur”
winding, acts as an effective
damper to prevent hunting
between machines operated
in parallel.  "The collector
rings for conveying through
brushes the direct current
for exciting the field coils,
shown to the right in Fig.
171, are of cast iron, insu-
lated from the iron bushing
over which they are shrunk
by V-shaped mica. Another
rotor construction is often
emploved in the case of
large alternators designed for engine driving. Tn such machines the
revolving field structure consists of laminated pole pieces bolted

Fig. 170. Rotor of Fig. 169 with Field Coils in Place
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to a cast-steel or iron ring, which is connected to the hub by arms of
suitable section, as shown in Fig. 172. The pole pieces are built
of sheet iron, spreading at the pole face so as to secure not only a
large sectional area for the magnetic flux passing from the poles
into the steel ring, but also to hold the field coils in place.

In Fig. 172 is shown the revolving field of an'alternator built by
the General Electric Company for direct connection to reciprocating
engities. In I'ig. 173 is shown the laminated pole piece and one of the
strip-wound field coils, and in Fig. 174 is shown a complete pole piece
with its coil ready for bolting to the face of the supporting structure.

Field Cotls. The field coils are wound on spools or in moulds.
Wire is used for the smaller generators and in those of larger capacity
a smglc strip of flat copper bent on edge is usually emploved, as
shown in Fig. 173, so that the edge of every turn is exposed to the

Fig. 171. Rotor with Squirrel-Cage Winding

air to facilitate radiation, and hence cooling. The strap-wound coils
are insulated between turns with asbestos strip forming a fireproof
coil which is practically indestruectible. The wire coils are wound
dry and treated with insulating varnishes. In every case the insula-
tion provided is easily sufficient for the low voltage to which the field
winding is subjecterl.

Exeitation.  The direct current for exciting the field magnet
is carried in to the revolving-field structure by means of brushes
rubbing on collector rings to which are connected the terminals of
the field coils. The latter are all connected in series.
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Alternators are usually separately excited by 125-volt direct
current. This voltage is generally regarded as standard, is easily

Fig. 172. Rotor Construction with Laminated Pole Pieeces
Bolted to Cast-Iron or Steel Ring

handled, and lends itself readily to the operation of lights and small
auxiliary machines in power stations. For large alternators a voltage

Fig. 173. Laminated Pole-Piece and Strip-Wound Field
Coil for Rotor of Fig. 172

of 250 has frequently been employed and field coils can be wound
for this voltage when required. The lower voltage 1s generally
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to be preferred, principally because it permits the use of strap-wound
field coils. For generators large enough to employ field coils of this
type at the higher voltage, 250-volt excitation is not objectionable.
The limitation is based on the fact that very thin copper strap cannot
be successfully bent edgewise.

Water-Wheel=Driven Alternators.  Alternating-current gen-
erators which are designed to be directly connected to water-wheels
are usually driven at speeds of from about 150 to 600 revolutions
per minute, depending upon the size and type of water wheel used.
The customary range of speeds in water-wheel-driven alternators is,
therefore, intermediate between the slow-speed range of the engine-
driven type and the high-speed range of the steam turbine-driven
type. Alternators of the water-wheel type are built both with hori-
zontal and with vertical shafts according to conditions. The form
of foundation used varies with the service for which they are intended.
For the machines with
horizontal shafts, cast-iron
or channel iron bases are
used, and in some cases
simple foundation plates
are provided for the stator
with separate sole plates
for the bearing standard.
For vertical shaft alterna-
tors the base is construct-
ed either for mounting
directly -on the turbine
casing or on separate
foundations above the
wheel pit. The shafts are
keved to the rotor and are arranged for coupling to the water-
wheel shaft.

Fig. 174. Completed Field Coil for Rotor of Fig. 172

The style of bearings adopted depends upon the size of the
alternator. Some of the smaller machines are furnished with end
shield bearings but the standard form for horizontal shaft alternators
is a pedestal bearing arranged for oil-ring lubrication. Large machines
are often provided with water-cooled bearings which consist of a
number of short tubes extending horizontally through the oil well
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below the bearing through which the cooling water is conducted,
thereby reducing the temperature of the oil. )

Vertical shaft alternators are arranged for direct connection to
the water-wheel shaft and are usually provided with one or two
guide bearings. Step or suspension bearings arranged for forced oil
circulation are also standard. The standard water-wheel type of
alternator is wound for three phases, but it can be adapted for two
phases without change, except in the armature coils and punchings.
Where single-phase operation is required, the three-phase winding

Fig. 175. View of General Electric Water-Wheel-Driven Alternators

is furnished, the single-phase current heing taken off from any two
of the three armature terminals. When thus used the alternator
full-load rating at unity power factor is only about 70 per cent of the
full-load three-phase rating.

Where transformers are used to step-up the voltage for long-
distance power transmission, it is considered good practice to install
alternators wound for the standard voltages of 2,300 or for 6,600

‘volts, but where current is to be transmitted at the generator voltage,

armature windings for 11,000 volts, 60 cycles, or for 13,200 volts,
25 cycles, are considered standard.
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Fig. 175 is a general view of three water-wheel-driven alternators
manufactured by the General Electric Company and installed in a
hydroelectric power plant at Spokane, Washington. The alternators
are each rated at 2,250 kilowatts, 60 cycles, 2,300 volts, 138 revolu-
tions per minute and are wound with three phases. Each machine

(HOX2X 60
has e 52 poles.  The view shows the exciters directly

!
mounted on an extension of the main shaft, and supported on a
bracket which is bolted to the iron hase.

These alternators may be furnished either with or without
direct-counected exciters. When arranged for direct connection,
the armature of the exciter is carried on the generator shaft. In

Fig. 176. General Elcctric Alternator with Dircet-Connected Exciter Bracketed to the
Same Base

the smaller sizes the magnet frame is bolted to the bearing bracket,
as shown in Fig. 176, but in the larger sizes special construction is
used, depending upon the conditions of the particular installation.
Fig. 176 also shows clearly the coupling for. direct connection to the
water wheel at the right, and the box type of frame with ventilating
apertures. This General Electric alternator is rated at 3,000 kilo-
watts, 2,300 volts, and 514 revolutions per minute.

Fig. 177 is a general interior view of the new hydroelectric
plant of the Connecticut River Power Company at Vernon, Vermont.
Five vertical shaft water-wheel-driven alternators are used, each
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being rated at 2,500 kilowatts 2,300 volts, 60 cycles, and 133 revolu-
tions per minute. The two small vertical shaft generators, located
between the first and second large units, are exciters, each driven
independently by a small water wheel installed below the main floor
level. This practice of using exciters driven independently of the
main water wheels is to be recommended, as it is a safeguard against
a general shutting down of the plant due to accident to one or more
of the main machines.

Fig. 177, Interior View of Connecticut River Power Cowmpany's Hydroelectric Plant

Fig. 178 shows an armature structure for a 600-kilowatt Allis-
Chalmers “water-wheel type” alternator, with a three-phase wind-
ing in place. This winding is distributed in two slots per pole per
phase. The coils that constitute one of the phases are those of which
the ends show most distinetly. The sides of the coils belonging to the
other two phases lie in the remaining slots, four of which are sur-
rounded by each pair of coils belonging to the first phase. The
manner of connecting the coils belonging to each phase is explained
on page 145. This armature structure, Fig. 178, has two extensions
cast as part of the frame, which are intended to rest upon a foun-

180



ALTERNATING-CURRENT MACHINERY 169

datior, on a level with the floor. The lower part of the ring is de-
signed to extend below the level of the floor into a pit. In the same
figure is shown alsc a metal shield which is screwed to the frame and
serves to protect the ends of the armature coils.

Fig. 178, Stationary Armature for 600-Kw. Allis-Chalmers “Water-Wheel Type' Alternator

Steam Turbine-Driven Alternators. This type of machine,
often called a turbo-alternator, has been in the past few years greatly
improved and developed.  The steam-turbine has already largely
supplanted the reciprocating engine in all large steam-clectric stations
and the present general tendency is away from the low-speed engine-
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TABLE V

Turbine Speeds for Alternators

PoLes ’ ) ‘ 4 ‘ 6 J 8 ’ 10

—_ 5 — — i . r
60 cycles 3600 | 1800 ' 1200 900 ‘ 720

25 ceycles 1500 [ 750 l 1

driven alternators and towards the high-speed turbine-driven alter-
nator. The steam turbire operates most efficiently at high speeds,
so in order to accommodate the generators to these conditions with
the standard frequencies of 25 to 60 eyeles, the number of field poles
must be reduced to a minimum. TFor this reason 60-cycle generators
have been huilt with two poles for 3,600 revolutions per minute in
eapacities up to 2,500 kilowatts, and with four poles for 1,800 revolu-
tions per minute up to 10,000 kilowatts.

25-cycle alternators are necessarily limited to a maximum speed
of 1,500 revolutions per minute, even with only two poles. Two-
pole alternators have been built in sizes.up to 7,500 kilowatts, and
even larger machines are pessible. Table V gives the revolutions
per minute which have been used for turbo-alternators.

The steam turbine is an essentially high-speed machine and
the alternator designed to be driven by it must be constructed with
special attention to the effects of high speed. This requirement
has developed many interesting though difficult problems in design,
such as constructions able to withstand the enormous centrifugal
forces developed in the rotor, amounting to 4,000 pounds on each
pound of material near the surface of the rotor. The important
matters of securing perfect balance and freedom from vibration at
high speeds, of adequate ventilation, and lubrication of bearings, have
been successfully met. _

Advantages. The most important advantages of steam turbines
over reciprocating steam engines are:

(1), High economy at all loads.

(2) LEconomy in floor space and building material.

(3) Moderate initial cost and low maintenance expense,

(4) Simplicity of construction; absence of all small clearances; absence of
- thrust balancing pistons with their heavy and uncertain leakages.

(5) Maintenance of efficiency and general durability.
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(6) Ability to effeetively utilize the large increase of available energy

incident to the use of high steam pressure and high vacuum

(7) Ability to use high superheat without mechanical difficuities.

Tig. 179 i1s a general view of a Westinghouse-Parsons three-
phase four-pole turbo-alternator rated at 1,000 kilowatts, 60 cycles,
4,400 volts, and 1,800 revolutions per minute, as installed for the
I'ublic Service Corporation of C'olumbus, Ohio. The steam turbine
is shown at the right and is directly connected through a horizontal
shaft to the alternator at the left. This alternator is of the re-
volving ficld type as is the universal practice with turbine-driven
machines.

i

Fiz. 179. General View of Westinghouse-Parsons Three-Phase Four-Pole Turbo-Alternator

Staior.  Lxcept in the largest sizes, the stator frames are made
in one picce.  The large machines are divided horizontally, the two
halves Leing bolted together, and the stator laminations are assem-
bled as # the frame were solid. The frame consists of a heavy cast-
ing with internal strengthening ribs and is bored out to receive the
laminated iron core. The internal ribs are provided with dovetail
slots into which the laminations are fitted. The frame is designed to
provide a rigid mechanical support for the stator core. The cast-
iron frame does not form a part of the magnetic circuit. The two-
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part frames have faced joints and the two parts are secured and keyed
together so that they form practically a single piece. The armature
or stator is built up of punchings of soft sheet steel of a high magnetic
quality. Ventilating plates are provided at suitable intervals, form-
ing air ducts in the core. The core is slotted to receive the armature
winding, the shape of the slot depending upon the capacity of the
machine and the character of the winding. Either open or partly
closed slots are used, the edges of the former being grooved at the
top to receive the retaining wedges holding the coils in place, At the
ends, the teeth are supported
by finger plates and heavy
retaining plates which are
pressed into place and keyed.
Closed end bells are provided
which cover the ends of the
armature coils and the mov-
ing partsof the machine be-
tween the frame aud ven-
tilating system. The end
bells close each end of the
generator and form a duct
through which cool air is
drawn into the machine and
forced out through ventilat-
ing ducts in the stator into

the interior of the frame,
from which the air passes
down through the bed plate

Fig. 180, Method of Bracing Armature Coils

and escapes. In the large generators the air also escapes through
openings in the top of the frame. The rotor of the machine is pro-
vided with a fan at each end to draw the air into the machine. Form-
wound armature coils are used and the winding is of wire, strap, or
bar copper, depending upon the capacity and voltage of the machines.
The coils are insulated hefore they are assembled on the machine.
The slots are provided with a lining of fibrous material and the
coils are wedged into the slots by wedges fitted In grooves in the
sides of the slots or below the overhanging tips of the teeth. The
armature coils are firmly braced at the ends of the frame in such a
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manner as to insure them against displacement, as shown in
Fig. 180. )

Rotor.  "The revolving field or rotors are constructed with two,
four, or six poles, according to the frequency and apacity of the

Fig. 181. Four-Pole Rotor for 10,000-Kw. Machine

machine.  The fields ave of small diameter and are designed with
special care to avoid windage losses and to facilitate ventilation,
The poles of the two-pole and four-pole rotors are machined from
the disk or disks forming the central body, and the slots to receive
the field coils and the grooves for the binding wedges are milled. This
construction is illustrated in Fig. 181, which is a view of a four-pole
rotor for a 10,000-kilowatt machine designed for a speed of 750
revolutions per minute. The six-pole rotors are built up by bolting
poles to a central body. The rotors are carefully balanced after

Fig. 182. Two-Pole Rotor Shaft

they are wound. In some designs the rotor is pressed and keved
on to the shaft, and in others the shaft is formed of steel, cast or
forged integral with the rotor core. For two-pole machines the
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rotor is generally made from a solid cylinder and the shaft is made
in two portions and secured to each end of the rotor by heavy bronze
flanges and suitable bolts, as shown in Fig. 182.

WS

SR
w‘\k\;

Fig. 183. Curtis Vertical-Shaft Turbo-Alternator of 5,000-Kw, Capacity
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